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ABSTRACT 
 
Utilizing a tunable photonic crystal resonant reflector as a mirror of an 
external cavity laser, we demonstrate a new type of label-free optical biosensor that 
achieves a high quality factor through the process of stimulated emission, while at the 
same time providing high sensitivity, large dynamic range and simple detection 
instrumentation. The photonic crystal is fabricated inexpensively from plastic materials, 
and its resonant wavelength is tuned by adsorption of biomolecules on its surface. Gain 
for the lasing process is provided by a semiconductor optical amplifier, resulting in a 
simple detection instrument that operates by normally incident noncontact illumination 
of the photonic crystal and direct back-reflection into the amplifier. We demonstrate 
single-mode, mode-hop-free, biomolecule-induced tuning of the continuous-wave laser 
wavelength. Because the approach incorporates external optical gain that is separate 
from the transducer, the device represents a significant advance over previous passive 
optical resonator biosensors and laser-based biosensors.  
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CHAPTER 1 INTRODUCTION 
1.1 INTRODUCTION TO OPTICAL LABEL-FREE BIOSENSORS 
Since the introduction of SPR biosensors [1], a variety of optical devices and 
phenomena have been adapted to the task of detecting biochemical interactions without 
the use of labels. Of the first generation of detection methods, which include 
ellipsometers [2], interferometers [3-9], waveguides [10], grating couplers [11-13], and 
holograms [14], SPR has gained the most widespread commercial acceptance [1, 15-17]. 
A tremendous number of label-free assays for every conceivable type of biological 
analyte have been demonstrated [18, 19]. Yet, there has always been a desire to extend 
the limits of detection of label-free assays to lower concentrations and to increase the 
signal-to-noise ratio for observation of the lowest concentrations or the smallest 
molecules. Applications in pharmaceutical high-throughput screening, pathogen 
detection, and life science research all demand a challenging combination of low cost, 
robustness, high sensitivity, resolution, and high-throughput. 
More recently, label-free biosensor approaches derived from dielectric-based 
optical resonators have been demonstrated. Optical resonators can efficiently couple 
energy within their structure for a narrow range of wavelengths (for a fixed coupling 
angle), or conversely for a narrow range of angles (for a fixed wavelength). At the 
resonant wavelength/angle combination, the electromagnetic field energy associated with 
the light is temporarily stored within the resonator and in the medium surrounding the 
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resonator. The magnitude of the evanescent field extending from the resonator and into 
liquid media drops exponentially with distance as one moves away from the surface of 
the resonator, and it is within this evanescent field region that biomolecules adsorbed to 
the surface of the resonator have the capacity to modulate the resonant wavelength/angle 
coupling condition though their intrinsic dielectric permittivity. Therefore, an important 
design goal for resonant optical biosensors is to concentrate the electromagnetic field 
outside of the resonant structure itself to increase the extent of interaction with adsorbed 
biomolecules [20]. Optical resonators that simply reflect or transmit light from an 
external source are classified as passive devices because all the illumination is provided 
externally.  
New designs for resonant optical biosensors to date have focused on the 
development of passive dielectric structures with higher Q-factor, where Q = 0, and 
 represents the spectral width (full width at half-maximum, FWHM) of the resonant 
mode at wavelength 0. Devices such as these, including photonic crystals [21, 22], 
whispering gallery mode spheres [23-27], microrings [28-30], liquid-core optical fibers 
[31], and microdisks [32, 33] have demonstrated impressive Q-factors due to the ability 
to strongly confine light within a high refractive index dielectric cavity. A narrower 
resonant spectrum results in the ability to measure small resonant wavelength shifts with 
greater accuracy, thus reducing limits of detection (LOD) [34]. A widely adopted means 
for comparing performance between resonant optical biosensors is to calculate a figure 
of merit (FOM) that incorporates the sensitivity of the sensor (the magnitude of a 
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measured quantity change) and the resolution for measuring small changes in that 
quantity [35]. The sensitivity of optical biosensor methods can be compared through 
their sensitivity to changes in the refractive index of a bulk medium deposited on their 
surface. The “bulk refractive index shift coefficient” defined as Sb = Δλ/Δnb 
characterizes how much the resonant wavelength of a sensor shifts, but it does not tell 
much about the smallest wavelength shift that can be resolved. On the other hand, the 
resolution strongly depends on the Q-factor of the resonance. Therefore, a FOM that 
combines sensitivity and resolution metrics can be defined as FOM = Sb × Q. Table 1.1 
at the end of this chapter compares FOM from a variety of previously demonstrated 
optical resonator biosensing technologies. 
While high Q-factor passive resonators can demonstrate excellent resolution; as 
the Q-factor increases, it becomes increasingly difficult to couple light into and out of 
the resonator, resulting in requirements for nanometer-level precision for positioning of 
optical fibers or waveguides to the resonator perimeter. In addition, several of these 
approaches require a high-precision tunable laser as the illumination source, resulting in 
systems that seem difficult to multiplex to large numbers of sensors or a miniature/low-
cost detection instrument. Importantly, improved resolution (through higher Q-factor) is 
accompanied by lower sensitivity, as resonant modes are mostly confined within the 
solid dielectric medium. 
Recently, in order to address the difficulties encountered by high-Q passive 
resonator biosensors while maintaining merits such as improved resolution, the idea of 
active resonator laser biosensors has been proposed. Several laser-based label-free 
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biosensors have been demonstrated, such as the distributed-feedback (DFB) laser 
biosensor by Lu et al. [36] in 2008, the photonic crystal laser biosensor by Kita et al. 
[37] in 2008, the optical fluidic laser by Sun et al. [38] in 2010 and the microtoroid laser 
biosensor by He et al. [39] in 2011. The motivation for all these approaches is to 
improve the limit of detection by generating a high intensity and narrow wavelength 
output through the process of stimulated emission, compared to what is achievable with 
passive resonators. Although these laser biosensors have demonstrated exciting 
capabilities, there are several shortcomings shared by all of them that hinder their 
practical application for low-cost, high sensitivity, high throughput label-free biosensing. 
These include a very limited effective sensing area, expensive and low-throughput 
fabrication, the requirement for a large pump laser, and delicate calibration/coupling 
processes. Such characteristics significantly affect the sensor’s dynamic range, increase 
the sensor chip cost and system volume, and reduce the detection throughput, rendering 
these methods inappropriate for low-cost, disposable sensors as single-use items for 
point-of-care diagnostic tests or for high-throughput pharmaceutical screening. 
Here, we describe for the first time an alternative laser-based label-free optical 
biosensor approach that maintains the high resolution of laser biosensors while 
addressing the aforementioned shortcomings. The key innovation in our work is the 
introduction of gain from a source external to the sensor itself, resulting in a very robust 
detection system that allows low-cost, large area transducer/sensing chips, noncontact 
optical coupling, a compact/inexpensive semiconductor pump source, continuous-wave 
(CW) operation, and multiplexing – while at the same time achieving high sensitivity, 
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high dynamic range, and the ability to measure very small wavelength shifts. In light of 
previous label-free biodetection approaches, and laser-based biosensing in particular, the 
approach presented here represents a substantially important advance.  
The rest of this chapter is organized as follows. Section 1.2 briefly reviews 
typical passive resonator optical biosensors including surface plasmon resonant sensor, 
one-dimensional photonic crystal biosensor and various whispering gallery mode (WGM) 
biosensors. Sections 1.3 review the recent progress in active cavity optical resonator / 
laser-based biosensors. These include distributed-feedback laser biosensor, photonic 
crystal defect cavity laser biosensor and whispering gallery mode microlaser label-free 
biosensor. Then a brief introduction to the widely tunable external cavity laser will be 
given. Performance of different types of biosensors described is summarized in Table.1.1 
at the end of this chapter.  
 
1.2 PASSIVE RESONATOR-BASED OPTICAL BIOSENSOR 
1.2.1 Surface Plasmon Resonance Biosensor  
Since the first demonstration of surface plasmon resonance (SPR) biosensor for 
biosensing in 1983 [40], it has been intensively explored and has gradually become one 
of the most powerful label-free tools to study the interactions between the target and 
biorecognition molecules [41].  In the past decade, SPR technology has been applied for 
the pharmaceutical drug discovery, antibody characterization, proteomics, 
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immunogenicity, biotherapeutic development and manufacture, and many life science 
research applications. 
SPR biosensors exploit the optical spectroscopy of surface plasmon polaritons 
(SPP), which are surface electromagnetic waves that propagate in a direction parallel to 
the dielectric/metal interface. The most prominent configuration is using a glass/metal 
interface, and the thickness of the metal layer is 50 – 100 nm. The surface plasmon 
resonance (SPR) phenomenon occurs when polarized light, under conditions of total 
internal reflection, strikes the electrically conducting metal layer at the interface between 
media of different refractive index: the glass of a sensor surface (high refractive index) 
and a buffer (low refractive index) [42].  
A wedge of polarized light, covering a range of incident angles, is directed 
toward the glass face of the sensor surface. Evanescent electric field intensity is 
generated under this illumination. This evanescent wave interacts with, and is absorbed 
by, free electron clouds, generating the SPP and as a result, causing a reduction in the 
intensity of the reflected light. The corresponding angle with the minimum reflection 
intensity is defined as the resonance angle, which is a strong function of the refractive 
index of the medium close to the gold layer on the opposing face of the sensor surface. 
The evanescent electromagnetic field associated with the SPP mode extends 
approximately 10 ~ 20 nm under the metal film and 100 ~ 500 nm into dielectric 
material. Such a characteristic makes SPR highly sensitive to material refractive index 
variations at the surface of the metal film.  
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Four different coupling methods have been studied to couple the incident light 
into the SPP modes: prism coupling, waveguide coupling, fiber optic coupling, and 
grating coupling [43-46]. The most prominent configuration is prism coupling 
configuration. In a binding analysis, the sensor surface is prepared with specific surface 
chemistry process, which is determined by the nature of the immobilized molecules. 
Samples are injected through flow cells as shown in Figure 1.1. By monitoring this 
resonant angle shifts, caused by binding or dissociation of molecules from the sensor 
surface, the mass of bound material can be quantified. Information about the affinity 
between the target molecule and its receptor and the association and dissociation kinetics 
of the interaction can also be derived from real-time measurement results.   
 
Figure 1.1 Illustration of SPR on a sensor chip with a flow cell on the bottom 
connecting to the gold film.  The monochromatic input signal is coupled to SPR mode 
by a prism [47]. Reprinted with permission from ref [47]. 
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Because high conductivity metals, such as gold, are not easily penetrated by 
electromagnetic fields, the resonantly coupled light can reside predominantly in the 
liquid medium next to the gold surface, resulting in high sensitivity (Sb = 2600 nm/RIU) 
[48].  However, since metals are highly lossy in the optical frequency range, resulting in 
a lack of ability to strongly confine electromagnetic fields, resulting in Q ~ 10, and FOM 
~ 26,000.   
 
1.2.2 One-Dimensional Photonic Crystal Guide Mode Resonance Filter Biosensor 
Recently, high sensitivity label-free biosensor based on a waveguide resonant 
grating structure, or a planar photonic crystal, has emerged as an important detection tool 
for scientists in the academic, pharmaceutical, biotechnology and diagnostic markets. A 
waveguide resonant grating is a diffractive optical element (DOE) that consists of a 
dielectric waveguide having periodic modulation of its refractive index in one direction. 
The optical resonance phenomena observed in such a structure have been investigated by 
many researchers [49-53]. Other than the biosensing application, novel optical functions 
such as spectral filtering, anti-reflection, beam shaping and steering functions have also 
been demonstrated on waveguide resonant gratings. 
When these waveguide gratings are illuminated with a broadband polarized light, 
part of the incident light is coupled into the guided modes/leaky modes of the grating 
waveguide by fulfilling a phase matching condition:  
  







2
sin
2
m                                                     (1.1) 
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where λ is the wavelength of incident light, θ is the incidence angle of the light, m is the 
diffraction order, Λ is the period of the structure, and β is the real part of the 
propagation constant of the guided mode (the superstrate, or propagation medium for 
incident light, is assumed to be air). These modes are referred to as leaky modes 
because they are guided for only a finite amount of time as they are re-radiated both in 
the forward (transmitted) and backward (specular) directions from the structure [54]. 
When diffracted out of the cavity, these re-radiated waves destructively and 
constructively interfere with the 0
th
 forward and backward diffracted orders 
respectively. At a specific wavelength and angular orientation of the incident beam, 
complete interference occurs and no light is transmitted. These specific wavelength and 
incidence angle are referred to as the resonant wavelength and resonant angle of the 
grating waveguide, and they are functions of the refractive index of the medium on 
sensor surface.  
One-dimensional photonic crystal (PC) biosensors based on the waveguide 
resonant grating structure has been successfully commercialized by SRU Biosystems. 
As shown in Figure 1.2, collimated light beam at a particular polarization direction, 
with a specific incidence angel (usually in 0º), is directed onto the sensor surface. 
Electric field of the resonant mode is generated under this illumination. Outside of the 
cavity, this electric field extends approximately ~ 200 nm above the sensor surface in 
the form of evanescent field. The evanescent electric field interacts with the 
biomolecule on the sensor surface, resulting in a modulation of the resonant wavelength 
of the PC. This modulation represents itself as a resonant wavelength shift of the PC 
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structure, whose amount is a function of the mass captured on the sensor surface. 
Therefore, by monitoring the resonant wavelength of the PC with a spectrum analyzer 
in real time, information about dynamic mass adsorption, the affinity between the target 
molecule and its receptor and the association and dissociation kinetics of the interaction 
can be derived. PC based biosensors have demonstrated Q ~ 850, and Sb = 350 nm/RIU 
[55-57] (using low refractive index dielectric materials), resulting in FOM ~ 3×10
5
 and 
therefore have a ~ 11 × better FOM than SPR biosensor. 
 
Figure 1.2   The photonic crystal sensor chip is illuminated by a broadband light signal.  
Only a narrow band is totally reflected [58].  Reprinted with permission from ref [58]. 
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1.2.3 Whispering Gallery Mode Biosensor  
The goal for detection of rare or expensive samples at low concentration, or 
detection of biomolecules with low molecular weight, such as drug compounds, is 
driving scientists in this field to pursue biosensors with exceedingly high resolving 
power to detect small changes in the adsorbed mass density. As discussed in Section 1.1, 
the sensor’s resolution strongly depends on the Q-factor of the resonant cavity. 
Therefore, naturally, to address such challenges, high Q-factor (10
4 
- 10
8
) optical 
microring resonator biosensors have been intensively investigated.  
In a microring resonator, the light propagate in the form of whispering gallery 
modes (WGM) ) or circulating waveguide modes, which result from total internal 
reﬂection of light along the curved boundary between the high and low refractive index 
(RI) media [20]. The WGM has an evanescent field that extends into the surrounding 
medium and interfaces with the molecules on the sensor surface, resulting in a resonant 
wavelength shift. Sharing the same physical mechanism, ring resonators biosensors can 
be implemented in different conﬁgurations, such as the stand-alone dielectric 
microspheres, liquid core optical ring resonator biosensor, and microfabricated ring or 
microtoroid-shaped resonators on a chip, as shown in Figure 1.3. 
Microsphere resonators consists of a transparent dielectric microparticle with a 
diameter of 50 ~ 300 µm, have demonstrated Q-factor as high as 10
8
 [20, 27, 59].  
However, the microsphere-based ring resonators have a relatively low refractive index 
sensitivity (20 ~ 50 nm/RIU) because only a small portion of biomolecules adsorbed 
over the microsphere surface can contribute to the WGM spectral shift [59]. Another 
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issue with the microsphere resonators is the lack of robustness and large-scale 
integration capability, which significantly compromises their practical applications.  
 
                   
       (a)                                                         (b) 
 
                         (c)                                                       (d) 
Figure 1.3 Optical microring biosensors. (a) stand-alone microspheres biosensor [60]; 
(b) capillary-based liquid core optofluidic ring resonator biosensor [31]; (c) 
polymer ring resonator biosensor with waveguide coupling [28]; (d) 
microtoroid resonator biosensor [61]. Reprinted with permission from refs [60], 
[31], [28] and [61]. 
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As self-indicated by its name, microfabricated ring resonator biosensors are 
fabricated by conventional microfabrication techniques and have the potential to perform 
high-throughput bioassay using chip-level integrated instrumentation. This is a big 
advantage over the microsphere biosensors. However, such resonators suffer from 
relative low Q-factors (typically ~ 10
4
) due to their waveguide loss induced by 
resonator’s surface roughness resulting from inevitable fabrication imperfection. The 
ideal detection limit for bulk refractive index change is estimated to be on the order of 
10
−9
 RIU [62], however, only a bulk sensitivity of 70 nm/RIU with a detection limit of ~ 
10
4 
- 10
-5
 RIU have been demonstrated [60], [30].   
Using a thermal reflow technique to smoothen the resonator surface, microtoroid 
biosensors have demonstrated a Q-factor as high as 10
8
 [61]. However, the microtroid 
biosensor still suffers from low sensitivity due to two reasons: (1) the high confinement 
of the electric field reduces the interaction strength between the evanescent field and the 
target molecules; (2) only a small portion of the target molecules contribute to the 
spectral shifts. In addition, how to maintain such a high Q-factor throughout the whole 
assay is still a challenge, since the adsorption of biomolecules will degrade the 
smoothness of the sensor surface.  
Recently, a capillary-based optofluidic ring resonator (OFRR) has been 
demonstrated as a sensitive label-free biosensor [31, 63, 64]. The capillary can be 
considered as a ring resonator with an outer radius of 50 µm and a wall thickness of 2 – 
3 µm. Using the same sensing mechanism, the OFRR resonator usually exhibits a Q-
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factor ~ 10
6 
and a refractive index sensitivity of around 50 nm/RIU, values similar to 
those achieved by microspheres.   
  
1.3 LASER-BASED BIOSENSORS 
Although passive optical microring resonator biosensors have demonstrated 
impressive high Q-factor due to the ability to strongly confine light within a high 
refractive index dielectric cavity, three drawbacks still prevent these sensors from wide 
applications: (1) low dynamic range; (2) requirement of highly accurate optical 
alignment for both illumination incoupling and detection outcoupling; and (3) sacrificed 
sensitivity due to high electric field confinement. Therefore, biosensor with both high 
sensitivity and high resolution, while still maintain easy illumination and detection 
instrumentation is still in pursuing. In this context, the idea of laser-based label-free 
biosensors has been proposed and demonstrated. A fundamental difference should be 
emphasized here is, unlike its passive counterparts achieving high Q-factor by high 
electric field confinement, the laser-based biosensor generates its own high signal-to-
noise (SNR), narrow bandwidth output signal through a stimulated emission process. 
Such a strategy provides a new perspective to solve the tradeoff between high sensitivity 
and high resolution. In addition, based on standard free-space optical pumping and far-
field emission detection, the incoupling and outcoupling instrumentation have been 
significantly simplified, enabling high through detection capability.  
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1.3.1 Distributed Feedback Laser Biosensor 
Recently, a fundamentally new approach for resonant optical biosensors in which 
an active optical resonator – in the form of a Distributed Feedback (DFB) dye laser – has 
been demonstrated.  
 
Figure 1.4 Schematic drawing of DFB laser biosensor. Reprinted with permission from 
ref [65]. 
 
 The schematic drawing of the DFB laser biosensor is shown in Figure 1.4. It 
can be regarded as the “active” counterpart to the photonic crystal (PC) “passive” optical 
biosensor, as it incorporates a laser dye within the replica molded structure of the PC and 
is optically pumped by a frequency-tripled Q-switched Nd:Yag laser (= 532 nm) with 
~ 10 nsec pulses. As shown in recent publications [66], the DFB biosensor thus far 
demonstrates ~ 50% (100 nm/RIU) of the sensitivity of the PC biosensor, but with over 
100 × more narrow spectral output (= 0.03 nm) for an overall FOM improvement of 
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up to ~ 65 × (Q = 20,000, Sb = 100 nm/RIU, FOM = 2 × 10
6
). However, the DFB dye 
lase biosensor also has its own issues. One is that it can work only in pulsed mode. Using 
current laser pumping source, the data acquisition rate cannot go above 10 Hz; such a 
limitation severely compromises its time resolved detection capability. The requirement 
for a bulky and expensive pumping laser source also renders this approach incompatible 
with the goal of point-of-care biosensing. In addition, working in pulse mode also makes 
it difficult to implement high resolution detection instrument, such as interferometer 
based spectrometer. Using laser dye as the gain material also limits the lifetime of the 
sensor to thousands of pulses due to the problem of dye bleaching. 
 
1.3.2 Photonic Crystal Defect Cavity Nanolaser Biosensor 
Photonic crystal defect cavity nanolasers were also demonstrated as chemical 
sensors with high spectral resolution and excellent sensitivity to changes in the refractive 
index around the photonic crystal slab. These nanolaser sensors were able to operate 
continuously at room temperature by optical pumping and exhibit over 50-dB peak 
intensity over background noise and a spectral linewidth as narrow as 26 pm. Sensors 
designed in this way allow analyte flowing directly into the high optical field of the laser 
cavity so as to achieve high sensitivity.  
A scanning electron microscope (SEM) image of the fabricated photonic crystal 
nanocavity laser sensor was shown in Figure 1.5. In addition, photonic crystal defect 
cavity nanolasers are also anticipated to perform single molecule detections due to their 
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ultrasmall mode volume, which is in the order of optical wavelength (~ (λ/n)3, where λ is 
the resonant wavelength in vacuum and n is the effective refractive index of the slab).   
 
Figure 1.5. SEM image of photonic crystal defect cavity nanolaser refractive index 
sensors. Reprinted with permission from ref [37]. 
 
Optical gain was provided by InGaAsP single quantum well (SQW) structure, 
with the photoluminescence peak centered at ~ 1.55 µm. The total thickness of the active 
layer including separate-confinement-heterostructure layers d was 180 nm. Single 
quantum well structure was chosen over multi-quantum-well (MQW) structure. The 
reason was, because of the thinner d of the SQW structure, the evanescent field of the 
mode penetrated more deeply into the surrounding liquid environment, enabling better 
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sensor sensitivity. Bulk refractive index sensitivity as high as 350 nm/RIU, the highest 
value recorded to date for nanocavity-based sensors, has been reported by Kita, et al. 
[37], with an index resolution of 9.0 × 10
-5
. In the device process, a photonic crystal slab 
was formed by using e-beam lithography, HI inductively coupled plasma etching, and 
the HCl selective wet etching of InP claddings. 
 
1.3.3 Whispering Gallery Mode Microlaser Label-Free Biosensor 
As elaborated above, many different types of micro and nano photonic cavity 
sensors have emerged as highly sensitive platforms for label-free detection of nanoscale 
particles. Such detections are quite challenging because most nanoscale objects of 
interest have low polarizabilities due to their small size and low refractive index contrast 
with the surrounding medium, leading to weak light-matter interactions. Since the 
ultimate detection limit is set by the narrowness of the resonance, there is always a desire 
to pursue even higher Q-factor so as to achieve improved performance. Driven by this, 
the idea of whispering gallery mode (WGM) microlaser label-free biosensor has been 
tested out.  
WGM micolaser biosensor employs a detection strategy that is different from 
previous laser based biosensors. A WGM microlaser supports two frequency-degenerate 
but counter-propagating lasing modes, which are conﬁned in the resonator with 
evanescent tails probing the surrounding medium. Nano particles that enter the 
evanescent ﬁeld of the microlaser couple the degenerate lasing modes to one another via 
intracavity Rayleigh back-scattering, and thus lead to laser frequency splitting. Real-time 
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nano particle adsorption is detected by mixing the split laser modes in a photodetector 
and then monitoring the beat frequency which corresponds to the frequency splitting 
[39]. While for other format laser based label-free biosensors, they ideally work in single 
mode operation and the chemical or biomolecule adsorption are characterized by 
monitoring the laser emission wavelength shifts. Figure 1.6 depicts the experimental 
setup of the WGM microlaser and the working principle of nanoparticles detection.  
WGM microlaser biosensors are realized in two different forms, depending on 
the specific application scenario. In the experiments performed in air, the WGM 
microlaser had a toroid-shaped structure fabricated from erbium-doped silica (Er:SiO2). 
The diameter of the resonators ranges from 20 to 40 µm and the concentration of Er
3+
 
ions in the silica was as high as 5 × 10
18
 ions cm
-3
 to ensure continuous-wave (CW) laser 
operation. For experiments performed in liquid solutions, ytterbium-doped silica 
(Yb:SiO2) microlasers were used instead because of the low absorption of water at the 
Yb
3+
 emission band of 1,040 nm.  
Microtoroidal lasers fabrication is a complicated, high cost and time-consuming 
process. First, rare-earth ion-doped silica ﬁlm (~ 1.5 µm) was prepared on a silicon 
substrate using a sol–gel method. Dopant concentration was tailored by the amount of 
ions in the sol–gel solution. Next, circular pads of doped silica on silicon were formed 
using standard photolithography. The silicon was isotropically etched using xenon 
diﬂuoride (XeF2) to form doped-silica disks on silicon pillars. Finally, microtoroids were 
obtained by reﬂowing the disks with a CO2 laser.  
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Figure 1.6 Heterodyne detection of single nano-objects using frequency splitting in a 
microlaser. (a) Schematic of the experimental setup; (b) Schematics showing how the 
lasing spectrum (middle column) and the beat note signal (right column) change as 
nanoparticles (blue spheres) bind to the microlaser (left column). Reprinted with 
permission from ref [39]. 
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Real-time and label-free detection of individual 15-nm-radius polystyrene 
nanoparticles, 10-nm gold nanoparticles and inﬂuenza, virions in air, and 30 nm poly-
styrene nanoparticles in water have been demonstrated on this sensor platform.  
 
1.4 CHALLENGES FOR LASER-BASED BIOSENSORS 
Though previous laser biosensors have demonstrated some exciting capabilities, 
there are several shortcomings shared by all of them that hinder their practical 
applications for low-cost, high sensitivity, high throughput label-free biosensing. The 
weaknesses of the other cited approaches are summarized as follows: 
1. Each has very limited effective sensing area. Such a characteristic not only 
affects the dynamic range of the sensor, but also results in an output signal that is 
critically dependent upon the exact placement of a detected analyte.   
2. Their fabrication involves expensive, low-throughput processes (e-beam 
lithography, CO2 laser reflow, molecular beam epitaxy growth of multiple 
quantum-well gain layers). Such methods render these sensors inappropriate for 
low-cost and disposable sensor chips that can be used as single-use items for 
diagnostic tests or high throughput pharmaceutical screening.  
3. Each uses an expensive and large laser to pump the biosensor, rendering these 
approaches incompatible with the goal of point-of-care biosensors. More 
importantly, the pump laser itself is an important system noise source. 
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 4. Given the limited size of the effective sensing surface area, each previous 
approach requires a delicate calibration/coupling process. For example, 
nanometer-level accuracy is required for positioning the optical fiber next to the 
microtoroid cavity and focusing of the pump laser onto the defect of the photonic 
crystal laser cavity. Such stringent requirements significantly detract from the 
utility of these methods outside the laboratory.   
In order to address those challenges left off by previous laser-based biosensors, 
we have proposed the idea of external-cavity laser (ECL) based biosensor. The key 
innovation of our technology is that the introduction of gain from a source external to the 
sensor itself results in a very robust detection system that allows noncontact optical 
coupling, a compact/inexpensive semiconductor pump source, CW operation, and 
multiplexing – while at the same time achieving high sensitivity, high dynamic range, 
and the ability to measure very small wavelength shifts.  
In light of previous label-free biodetection approaches, and laser-based 
biosensing in particular, the approach presented in this dissertation represents a 
substantially important advance. Specifically, the external cavity laser biosensor design 
separates the gain medium from the sensing transducer. In this way, the gain is 
externally provided by a semiconductor optical amplifier, which is a permanent, 
unbleachable, part of the system. Such a gain separation strategy enables the transducer 
to be inexpensively fabricated using roll-to-roll fabrication techniques in plastic 
materials or upon a glass surface using a single lithography step, and for the sensor to be 
operated for long time periods without degradation. The sensor itself can comprise the 
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entire bottom surface of standard microplates, a capability that is several orders of 
magnitude beyond the throughput capabilities of any other laser biosensor approach. 
Finally, the ECL laser biosensor design uses the inherent advantage of external cavity 
lasers over other lasers: much narrower theoretical linewidth. This is because the 
elongated cavity reduces the damping rate of intracavity light and the spontaneous 
recombination phase fluctuations, and therefore achieves low phase noise and narrow 
laser emission linewidth. The advantages of such a system have been responsible for the 
wide adoption of tunable ECL lasers in the field of optical communication, and we are 
applying these principles for the first time in the field of biosensing. 
 
1.5 INTRODUCTION TO WIDELY TUNABLE EXTERNAL CAVITY LASER  
1.5.1 Diode Laser 
Diode lasers are electrically pumped semiconductor lasers, which utilize the 
stimulated emission produced by interband or intraband transitions under electric current 
excitation [67]. Due to their unique characteristics of high efficiency (typically on the 
order of 50%), broad range of achievable emission wavelengths (from 375 nm in the 
ultraviolet (UV) to 2680 nm in the infrared (IR) range), and long lifetime (several 
thousand hours), diode lasers have found wide applications in atomic physics, 
spectroscopy, material processing, optical communication networks, and environmental 
monitoring [68]. Because of their broad inherent gain profile, diode lasers generally have 
multimode output and wide emission linewidths.  
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1.5.2 Tunable External Cavity Laser 
Numerous applications of semiconductor lasers, including high resolution 
spectroscopy and wide bandwidth communication network systems, require means to 
tune their output to one or more specific wavelengths with a variety of spectral and 
temporal characteristics. In particular, narrow spectral line-width, high frequency 
modulation, and widely tunable wavelengths that cover the spectral range from visible to 
far-infrared are demanded. Radiation sources of high power, near-infrared diffraction 
limited and single frequency are also required for a myriad of scientific applications such 
as materials characterization or laser and amplifier pumping and frequency doubling. 
Unfortunately, for ordinary solitary diode lasers, because of the semiconductor’s 
inherent broad gain spectrum, usually more than one mode will operate simultaneously 
resulting in multiple output wavelengths and broad spectral linewidth. In addition, for 
diode lasers, tuning is generally realized either by varying the semiconductor 
composition or by changing the refractive index through temperature or pressure, both of 
which are generally difficult to control accurately and are sensitive to the environment 
[69]. 
To achieve single frequency operation, a special wavelength selection 
mechanism has to be built into the diode. Such mechanism may be either based on 
exploiting a wavelength selective loss which would be lowest for the selected 
wavelength or some kind of dispersers can be used to serve that purpose. Distributed 
feedback (DFB) lasers, distributed Bragg reflector (DBR) lasers and vertical-cavity 
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surface emitting lasers (VCSEL) represent devices of this group. However, such devices 
can only be tuned over a limited spectral range by changing temperature or the current of 
the diode. The tuning range may also have gaps in it. 
The laser system can also be forced to operate in a single longitudinal mode by 
placing the diode laser in an external resonant cavity comprising a wavelength selective 
element, which is called tunable external cavity diode laser. Tunable external cavity 
diode lasers have generated considerable interest in optical communications, atomic laser 
spectroscopy, and environmental monitoring since the introduction of the first external 
cavity diode laser in 1964 [70] and the first tunable systems afterward [71, 72]. A 
tunable ECL system is comprised of a semiconductor laser diode with an antireflection 
(AR) coating on at least one facet, a collimator for coupling the output of the diode to the 
external cavity, and an external mode-selection filter, as described in a recent textbook 
[68] and review [69]. A schematic illustration of an external cavity laser is shown in 
Figure 1.7.   
 
Figure 1.7. Schematic illustration of an external cavity laser.   
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Through the insertion of a wavelength-selective element into the system, an ECL 
configuration permits emission of a single mode with a linewidth that is considerably 
less than that of a solitary laser diode [69]. Typically, ECL systems utilize first-order 
diffraction from a grating to provide the optical feedback and wavelength selection, as in 
typical Littrow and Littman–Metcalf configurations [73, 74], as shown in Figure 1.8(a) 
and Figure 1.8(b). However, guided mode resonant filters (GMRF) and photonic crystal 
reflection filters have also been demonstrated as efficient wavelength selective mirrors 
for ECL systems [75-77], including the ability to tune an ECL through electronic 
modulation of a photonic crystal with a liquid crystal medium on its surface.  
The most striking feature of the external cavity laser is its extremely narrow 
linewidth. The elongated resonator reduces the damping rate of intracavity light and the 
spontaneous recombination phase fluctuation, and therefore achieves low phase noise 
and narrow laser emission linewidth, with values typically below 1 MHz (0.0075 pm 
wavelength) [72, 78]. Additionally, the high gain of a semiconductor laser allows for 
continuous wave operation, which permits simple detection, dynamic monitoring, and an 
inexpensive, compact, robust electrical pump system.  
ECL performance can be optimized if the reflectance of the laser diode’s output 
facet is extremely low [68], as strong external feedback requires that the mirror losses of 
the solitary diode cavity must be much (> 20 dB) greater than the combined mirror, 
mode selection filter, and external cavity coupling loss [79]. AR-coated diodes for use 
within ECL systems are now commercially available, complete with packaging, and 
integration with a collimating lens.  Alternatively, the diode can be coupled to an optical 
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fiber as a means for extending the external cavity length up to several meters. For stable 
operation, it is necessary to control the laser injection current and temperature.  Excellent 
laser current sources are commercially available for ECL systems that integrate closed-
loop thermal control with a temperature sensor mounted into the same package as the 
diode. Such systems stabilize laser diode injection current to better than +/- 1 µA, and 
temperature to within +/- 0.3 mK over time periods of several hours [80]. 
 
Figure 1.8 External cavity diode lasers in (a) Littrow and (b) Littman-Metcalf/grazing-
incidence configurations. Reprinted with permission from ref [81]. 
 
1.5.3 External Cavity Laser Biosensor  
The most desirable sensor/instrument design that would benefit biosensor users 
must optimize several performance criteria at the same time. These include the dynamic 
range, sensitivity, resolution, cost and high throughput detection capability. Previous 
high Q-factor passive resonators biosensors with good limits of detection have suffered 
from poor dynamic range (i.e. the range of wavelengths that the system is capable of 
tuning, after its response has been saturated by the adsorption of biomolecules). They 
also require very complicated fabrication processes to produce an extremely smooth 
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surface that is required to sustain a high Q-factor. In addition, the requirements for a 
high-precision tunable laser as the illumination source and nm level mechanical 
registration processes (to align a waveguide/fiber to the ring resonator) also significantly 
increase the system complexity and cost while decreasing the detection throughput. 
Motivated by such challenges, laser based biosensors have been proposed and 
demonstrated as alternative methods to achieve both low detection limit and large 
dynamic range by taking advantage of laser’s inherent narrow linewidth emission that 
occurs via the stimulated emission process. However, since most previous laser 
biosensors are individually fabricated using expensive and low throughput fabrication 
techniques over a small area, they still face several important challenges. These include 
very limited sensing area, high cost, low throughput fabrication, the requirement for a 
large pump laser, and a delicate calibration/coupling processes.   
The ECL biosensor described in this work provides lower detection limit, while 
simultaneously achieving large dynamic range, simplified fabrication, and a robust 
detection system. Due to its extremely narrow emission, wide tunablility, and good 
stability, tunable ECLs have been widely used in the areas of optical communications, 
atomic laser spectroscopy, and environmental monitoring. This dissertation is the first 
instance of the application of ECL systems to the field of biodetection. 
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1.6 TABLES 
Table 1.1. Figure of merit (FOM) comparison of a variety of resonator based 
biosensors.  
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CHAPTER 2 EXTERNAL CAVITY LASER BIOSENSOR DESIGN 
Utilizing a tunable photonic crystal resonant reflector as a mirror of an external 
cavity laser, we demonstrate a new type of label-free optical biosensor that achieves a 
high Q-factor through the process of stimulated emission, while at the same time 
providing high sensitivity and large dynamic range. The photonic crystal is fabricated 
inexpensively from plastic materials, and its resonant wavelength is tuned by adsorption 
of biomolecules on its surface. Gain for the lasing process is provided by a 
semiconductor optical amplifier, resulting in a simple detection instrument that operates 
by normally incident noncontact illumination of the photonic crystal and direct back-
reflection into the amplifier. We demonstrate single-mode, mode-hop-free, biomolecule-
induced tuning of the continuous-wave laser wavelength. Because the approach 
incorporates external optical gain that is separate from the transducer, the device 
represents a significant advance over previous passive optical resonator biosensors and 
laser-based biosensors.  
 
2.1 PHOTONIC CRYSTAL REFLECTION FILTER-BASED EXTERNAL CAVITY 
LASER BIOSENSOR  
In any type of tunable single-mode laser, there must be a tunable wavelength-
selective element. While grating stabilized ECLs mentioned in the first chapter have 
been widely used, with the recent rapid development of microelectronic and opto-
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electronic devices, much effort is being directed toward development of designs suitable 
for optical integrated systems. Toward this purpose, the utilization of a widely tunable 
subwavelength resonant ﬁlter [21, 76] is highly desirable because of its inherently simple 
and compact structure, narrow and sharp resonant reﬂection peak, and normal incidence 
operation capability without any higher-order diffraction loss. In our design, we use a 
one-dimensional photonic crystal (PC) guided mode resonant reflection filter surface as 
the transducer upon which biological material is adsorbed, which also serves as the 
wavelength selective mirror of the external cavity laser (ECL). It is well known that the 
peak reﬂection wavelength of a surface PC reflection is highly sensitive to the refractive 
index of the surrounding material on top of the grating structure [82]. Label-free 
biosensors utilizing such a characteristic have been extensively studied [21, 22]. In this 
dissertation, by combing the high sensitivity of a one-dimensional PC and the high 
resolution of an ECL, we have demonstrated a novel laser biosensor system which 
simultaneously achieves high sensitivity, high resolution, large dynamic range, simple 
detection, low-cost and high throughput detection capabilities.  
 A schematic drawing of our photonic crystal guided mode resonant filter based 
ECL biosensor system is shown in Figure 2.1. An optical fiber-coupled semiconductor 
optical amplifier (SOA) is used as the gain media, which illuminates the wavelength 
selective element, the PC filter, at normal incidence. The laser emission spectra are 
studied by an optical spectrum analyzer (OSA).  
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Figure 2.1. Schematic of the surface photonic crystal guided mode resonant filter based 
external cavity laser biosensor system. Inset (a) Cross-section scanning electron 
micrograph (SEM) image of the PC structure fabricated by the nanoreplica molding 
process. Inset (b) PC resonators in standard microplate-based format. Inset (c) The 
small signal gain spectrum of the SOA. Inset (d) A typical lasing spectrum of the PC 
based ECL. The optical gain of the ECL system is provided by the semiconductor 
optical amplifier, which is connected to two one meter long polarization-maintained 
single-mode fiber. A small portion (2%) of the laser emission energy is coupled out of 
the cavity by a beam splitter and is analyzed by an optical spectrum analyzer (OSA). 
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The semiconductor optical amplifier (SOA-372-Broadband-Traveling-Wave 
Semiconductor Optical Amplifier at 850 nm, Superlum Diodes, Ltd.) provides optical 
gain for the external cavity laser system through stimulated emission generated from 
electron-hole recombination in the active region of the InGaAs/InP gain medium. Both 
facets of the SOA are anti-reflection coated and angled at ~ 10° to the emitting 
waveguide strip, thus reducing the degree of lasing when the SOA is operating by itself. 
 Since variations in injection current or temperature can simultaneously cause 
deviations in the output power and chirp of the emission frequency, for stable operation 
and precise tuning of the ECL sensor system by biomolecule adsorption, a laser diode 
controller (PILOT4-AC, Superlum Diodes, Ltd.) and an efficient heat sink mount 
(DBUT, Superlum Diodes, Ltd.) are utilized at the same time to precisely control the 
driving current and operating temperature, which keeps the SOA at its suggested 
operating temperature of 25 °C.   
The SOA has a 3-dB bandwidth of 40 nm, with the gain centered at around 850 
nm when operated at 25°. Because of the anti-reflection coatings on both end facets and 
the tilted cavity design, the gain ripple of the SOA is as low as < 0.1 dB. The small 
signal gain is 25 dB at λ1 λ2 (gain maximums), as shown in Figure 2.2(a). The output of 
the SOA is highly polarized, with a polarization dependent gain as high as 7 dB. The 
specifications of the SOA used are summarized in Table 2.1 (at the end of this chapter).  
The spontaneous emission spectrum of the SOA is also measured, with the 
measurement result shown in Figure 2.2(b). The emission spectrum is obtained at an 
injection current of 60 mA at room temperature, without any external feedback provided. 
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As expected, the SOA shows a broad and smooth gain spectrum, with no measurable 
gain ripple observed. The gain is centered at 850 nm, to match the reflection peak 
wavelength of the PC filter. The measured 3 dB bandwith is 32 nm.  
 
Figure 2.2. Small signal gain (a) and spontaneous emission spectrum (b) of the optical 
gain supplier of the ECL system: SOA-372-broadband traveling-wave semiconductor 
optical amplifier. The spectrum was taken when the SOA was operated at 25˚. The 
SOA shows a small signal gain at large as 25 dB over a 32 nm wavelength range. 
Reprinted with permission from ref [83]. 
 
Traveling wave SOA is chosen as the gain supplier instead of an ordinary solitary 
laser diode in our ECL system. The main reason for this is the extremely low gain ripple 
of the SOA, mainly resulting from its excellent low end-facet reflection coefficients. The 
optical feedback from the end faces of Fabry-Perot (FP) cavity amplifiers, such as laser 
diodes, establishes a cavity in which lasing can occur. SOAs employ anti-reflection (AR) 
coatings on both end faces of the semiconductor chip and a tilted waveguide design, 
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which can restrict the end reflection to a neglect able level. As such, self-lasing is 
suppressed and smooth and continuous external cavity longitude modes transitions over 
a broad wavelength range are enabled. More discussion about this is provided in Section 
2.4.  A schematic drawing of the SOA design is shown in Figure 2.3.  
 
Figure 2.3. A schematic drawing of a typical traveling-wave semiconductor optical 
amplifier design. Left: SOA with only anti-reflection coatings. Right: SOA employ 
both anti-reflection coatings and a tilted cavity design.  
 
The wavelength selective element of the ECL laser system is a one-dimensional 
surface photonic crystal. This one-dimensional PC is designed to function as an efficient 
narrow band reflection filter when operated in liquid environment, which is the most 
common operation condition for label-free biosensing. The cross-sectional schematic of 
the one-dimensional PC ﬁlter used in our laser cavity is shown in Figure 2.4. For a 
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normal transverse magnetic (TM) polarized broad-band incident light with a wavelength 
at the resonance of the device, it excites a leaky waveguide mode in the high refractive 
index TiO2 layer that is over the subwavelength gratings due to grating coupling. This 
leaky mode interacts with the zeroth-order waves and in theory results in complete 
reﬂection and zero transmission for plane incident wave and inﬁnite gratings [75]. More 
explanations of the working principle of PC resonator filter will be provided later in this 
chapter. The photonic crystal sensor used in this study is engineered to operate with 
aqueous media on its surface. The resonant reflection peak center at normal incidence is 
around 853 nm, with a full-width-half-maximum of ~ 3 nm. Water absorption near 850 
nm is as small as 0.04 cm
-1
 which is one of the reasons our photonic crystal is designed 
to operate at near-infrared (NIR) wavelengths. 
 
Figure 2.4. Cross-sectional schematic of a tunable one-dimensional guided mode 
resonant ﬁlter. 
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The PC reflects a narrow band of light back into the SOA through the single 
mode fiber, establishing a laser cavity whose emission wavelength is determined by the 
PC reflection peak. Since the peak wavelength of the PC reflection is very sensitive to 
the refractive index of the surrounding material on top of the grating structure, the 
adsorption of chemical and biomolecules, which usually have a larger refractive index 
than the surrounding liquid solution, will introduce a shift of the resonant reflection peak 
to a longer wavelength, which is also referred as a red-shift. As a result of this, there is a 
corresponding laser emission wavelength shift, whose amount is equivalent to that of the 
PC shift.  
The laser emission is normal to the sensor’s surface. For the purpose of simple 
and stable detection, a beam splitter is used as an output coupler that couples a small 
amount (~ 2%) of the laser energy out of the ECL cavity. The emission spectrum of the 
ECL system is measured by a compact and high resolution spectrometer (HR4000, 
Ocean Optics), with a detection resolution of 20 pm and a detection range of around 70 
nm. Since the laser emission spectrum is much narrower than the detection resolution of 
the spectrometer, in our current system, the measured spectrum is fitted using a Lorenz 
function to more accurately determine the laser emission peak. Meanwhile, a high-
resolution laser wavelength meter which is based on a Fizeau interferometer (with a 
resolution of 0.2 pm) has been purchased.  As the ECL biosensor operates in CW mode, 
the lasing wavelength can be accurately measured using an interferometer like that. This 
is one advantage of the ECL biosensor over other laser sensors that are pumped using a 
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bulky, pulsed laser. The utilization of this high resolution detection instrument for the 
ECL system is under investigation.  
While the PC is a passive optical resonator with modest Q-factor (Q ~ 1000), its 
interaction with the gain provided by a semiconductor optical amplifier through the 
formation of a resonant cavity results in an active optical resonator with an extremely 
high Q (Q ~ 2.8×10
7
) through the stimulated emission process, while retaining high 
sensitivity. The ECL biosensor generates single-mode, continuous-wave laser emission 
whose wavelength is tunable over a wide range by adsorption of biomaterial on the 
surface of the PC, and thus exhibits large dynamic range. This arrangement combines the 
high sensitivity of the PC passive resonator with the high resolution of the external 
cavity laser emission.   
 
2.2 WORKING PRINCIPLE OF ECL LABEL-FREE BIOSENSOR  
The broadband spontaneous emission of the SOA impinges the PC surface at 
normal incidence. As the ECL biosensor resonates, high intensity electromagnetic 
standing waves are established at the PC-media interface. The PC reflects back a narrow 
band of light, with the peak center determined by the mass density of biomolecules 
adsorption on the sensor’s surface. The reflected light is coupled into the active region of 
the SOA by a polarization maintained single mode fiber. Inside the SOA, the PC 
reflection is amplified. When the current supplied is above the lasing threshold, the 
relatively broad PC reflection peak is turned into a much narrower ECL laser emission. 
 39 
 
At the same time, the signal-to-noise ratio has been significantly improved because of 
the high intensity of the laser emission. A schematic of the wavelength-selective 
principle for the proposed ECL is illustrated in Figure  2.5.   
 
Figure 2.5. A schematic of the wavelength-selective principle for the proposed ECL 
label-free biosensor system. 
 
The longitude modes supported by the external cavity is shown in Eq. (2.1) 
                                                            m
nL2
                                                            (2.1) 
where L is the total length of the diode laser cavity, m is the longitudinal mode number, λ 
is the center wavelength, and n is the effective refractive index of the ECL cavity. 
Theoretically, the ECL biosensor detection limit is ultimately set by the mode 
density or the free spectral range (FSR) of the ECL cavity. The cavity mode spacing is 
given by: 
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
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where λm is the m
th
 resonant wavelength, and n0, ng, nSOA, l0, lg, lSOA are the effective 
refractive index and optical length of the air, single mode fiber, and the SOA cavity, 
resulting in a cavity length that is dominated by the length of the optical fiber. By using 
two 1 m single-mode fibers, a longitudinal mode spacing of 0.08 pm is estimated, 
representing the smallest increment in wavelength shift that can be obtained. Such a 
mode spacing has been experimentally demonstrated.  
For normal incidence illumination and leaky modes excited by first order 
diffraction (m = 1), the spectral location of peak reflection, or peak wavelength value 
(PWV), can be given by: 
 effn                          (2.4) 
where  is the resonant wavelength, neff is the effective index and  is the modulation 
period [84]. At normal incidence, the two counter-propagating leaky modes, driven by 
the input wave, set up a standing wave pattern in the waveguide layer at resonance; they 
are also coupled by the second-order Bragg condition. The maximum field value of the 
localized standing wave is located in the waveguide region with the evanescent tails 
gradually penetrating into the substrate and superstrate layer. This forms the basis of the 
various sensing applications that the GMR effect can be used in.  
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The effective index can be considered a weighted average of the refractive 
indices of the materials in which the standing wave generated at resonance, referred to as 
the “resonant mode,” is supported. The weighting is determined by the fractional 
electromagnetic intensity in each region. 
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where (x,z) and E(x,z) are the two-dimensional spatial distributions of the dielectric 
permittivity and electric field, respectively [57].   
The biosensor functions by measuring LWV shifts due to effective index changes 
resulting from adsorbed biomaterial as given by the differential of Eq. (2.6).     
  effn                 (2.6) 
Any refractive index change of the superstrate media or any dielectric 
permittivity increase due to adsorption of a surface-bound biomolecular layer will 
influence the effective index and consequently induce a shift in the PWV, which will be 
further translated to a laser emission wavelength shift (LWS).  
 
2.3 PHOTONIC CRYSTAL GUIDED MODE RESONANCE FILTER  
2.3.1 Physical Properties  
Photonic crystals are structured optical media with a spatial periodicity in its 
refractive index profile. In a manner similar to how the periodic potential of 
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semiconductors affects the motion of electrons [85], photonic crystals can control the 
propagation of electromagnetic (EM) waves. PCs can be fabricated in one-, two-, and 
three-dimensional structures, as shown in Figure 2.6.  
 
Figure 2.6. Schematic of photonic crystals with one-, two-, and three-dimensional 
periodicity. Reprinted with permission from ref [86]. 
 
Photonic crystals occur in nature and are extremely attractive optical materials 
for controlling and manipulating of light. Since the basic physical phenomenon of PCs is 
based on diffraction, PCs belong to a large family of optical components termed 
diffractive optical elements or DOEs, for short. The basic physics describing the 
operation of a PC revolves around the localization generated from the scattering and 
spatial interference produced by an electromagnetic wave traveling in a periodic 
structure [87]. When radiation with a particular frequency at a specific angle of 
incidence enters the PC, the periodic structure causes light scattering and spatial 
interference of the scattered light in all directions. The constructive interferences in 
certain directions result in a strengthened localized electric field that cannot propagate 
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through the PC, while the destructive inferences in certain directions allow propagation 
through the PC—the photonic pass-band [81]. This gives rise to an interval in photon 
energy known as the photonic bandgap.  
The wave equation for light propagating inside a PC can be described using 
Maxwell’s equation as: 
)()()(
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r


                                        (2.7) 
where H(r) denotes the magnetic field, r is the position vector, ε(r) is the permittivity at 
position r, ω is the wave frequency, and c is the velocity of light in vacuum. Since the 
medium has a periodic dielectric constant profile, it is known from Bloch’s theorem that 
the solutions to the wave equation must be a plane wave modulated by a periodic Bloch 
function as stated in Eq. 2.8. 
)()( R ruerH ik                                                  (2.8) 
where k is the wave vector, and u(r) is the Bloch function satisfying the condition u(r) = 
u(r + R)  where  R  is the periodicity of the PC. 
Therefore, the Maxwell’s equation for the steady state can be expressed in terms 
of an eigenvalue problem, in direct analogy to quantum mechanics that governs the 
properties of electrons, as shown in Table 2.2 at the end of this chapter. 
The eigenvalues are the frequencies of the PC modes for a particular propagation 
vector k in the PC. Its corresponding eigenfunctions are the magnetic field profile, which 
are plane waves modulated by Bloch functions. Taking the propagation vector k as a 
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parameter and solving for the eigenvalues ω, the dispersion relation is obtained. This 
dispersion relation is also known as the band diagram of the PC [86]. 
The photonic crystal structure used in this work is one dimensional PC. One- and 
two-dimensional PCs are also called surface photonic crystals. Different from three-
dimensional photonic crystals, where the bang gap effect can be utilized to confine light 
in all available propagation directions, for surface photonic crystals, there is at least one 
direction along which there is no band gap effect. Total internal reflection is generally 
utilized to guide light propagating within the direction or plane of the PC structure. This 
is the reason why such structures are called surface photonic crystals, where the PBG 
effect is utilized for light confinement in the in-plane direction (the direction of the 
refractive index periodicity), while total internal reflection confines light in the vertical 
direction. The effective RI of the surface PC must be higher than that of the material 
above and below it in order to fulfill of the total internal reflection condition in the 
vertical direction. The band diagram for a surface PC is similar to that for an idealized 
PC except that it includes light lines that determine which PC modes are bound within 
the photonic crystal (non-leaky) and which PC modes can couple to free space (leaky). 
PC modes that occur below the light lines are non-leaky while modes occurring above 
the light lines are leaky. The leaky modes of the surface PC can be coupled in from the 
far field with incident light. Conversely, the leaky modes of the surface PC can couple 
out of the PC as far field radiation. This capability is useful for designing high efficiency 
optical reflectance filters and optical cavities for controlled emission and excitation of 
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optical emitters [54, 82]. This is also the key property of the PC utilized in our ECL 
system.   
 
2.3.2 Design and Fabrication of the One-Dimensional Photonic Crystal Guided 
Mode Resonance Filter  
In our work, the one-dimensional photonic crystal structure is designed to 
function as a narrow-band reflection filter. The cross-sectional diagram is shown in 
Figure 2.3. The substrate is a flexible and transparent polyethylene terephthalate (PET) 
film with a thickness of 0.25 mm. The surface PC grating is formed in a layer of low 
refractive index (n = 1.37) ultraviolet-curable polymer (UVCP) by a replica-molding 
technique. The period of the grating is 550 nm. A thin film (n = 2.35) of titanium dioxide 
(TiO2) is deposited over the UVCP grating to provide wave-guidance that supports the 
surface PC modes. The TiO2 layer has a totally thickness of tTiO2 = 120 nm and a 
refractive index of nTiO2  = 2.25.  
The behavior of the device was simulated using commercial software that 
employs Rigorous Coupled-Wave Analysis (RCWA, R-Soft, DiffractMOD), which 
provides solutions to Maxwell’s equations for periodic structures. This numerical study 
provides us some basic information about the passive PC resonator, such as resonant 
wavelength, FWHM of the resonant peak, and static sate resonant electric field 
distribution.   
The simulation region comprises a single lattice of the PC structure with periodic 
boundary conditions perpendicular to the grating direction. The refractive index of the 
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superstrate layer of water solution is 1.333. During the simulation, five transmission and 
reflection harmonics were used, permitting the accuracy for the conservation of energy 
to be one part per million. The simulation was run with the incident wavelength varied 
over the region of interest. 
 
Figure 2.7. Calculated normal-incidence reflection spectrum with TM-polarization of 
the surface PC GMRF as shown in Figure 2.3.  
 
Figure 2.7 shows the simulated reflection spectra for our 1D surface PC 
reflectance filter for the TM polarizations at normal incidence. The TM mode was 
chosen as the operation mode of the ECL system as a narrower reflection peak facilitates 
single mode operation. For the TM mode, the reflection peak is calculated to be located 
at 853 nm and has a FWHM of 2.1 nm. The diffraction efficiency at the resonant peak 
reaches 100%. The simulation results indicate that, when the simulated PC structure is 
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used as the wavelength selective element of the ECL system, the system is expected to 
lase at around 853 nm when immersed in water with laser light emission being normal to 
the sensor surface.  
Information about the sensor’s effective sensing region and the strength of 
interaction between the optical filed and the target biomolecules can be revealed by 
studying the electric field distribution of the PC’s resonant mode. Steady-state electric 
field distributions within one period of the PC were investigated with the simulation 
results represented in Figure 2.8.  
 
Figure 2.8. Steady-state electric field distributions within one period of the PC. 
 
For this simulation, the incident light is set to be TM polarized. The intensity of 
the incident light is normalized to be 1. As presented in this figure, under resonance, the 
Ex Amplitude of E-field
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localized standing wave is located in the waveguide region and possesses evanescent 
tails that extend both into the substrate and superstrate region. This forms the basis of the 
various sensing applications that the GMR effect can be used in. In label-free sensing, 
the deposition of an optically distinct material within the evanescent extent of the field 
alters the path length of the resonant waves within the waveguide, which in turn results 
in a shift of the resonance condition and this is manifested in the far-field as a change in 
resonance wavelength. The effective sensing region is around 200 nm above the sensor’s 
surface.  
The PC is fabricated using a low-cost, high throughput nanoreplica molding 
technique over a flexible substrate. The fabrication flow is shown in Figure  2.9.  
 
Figure 2.9. One-dimensional photonic crystal fabrication by a nano-replica molding 
technique. 
(1) Desired structure
patterned onto silicon
master wafer
(3) Polymer cured by UV 
illumination
(4) Substrate with gating 
structure peeled away 
from master
(5) Deposit high RI TiO2
by sputtering or ebeam 
deposition
(2) UV-curable polymer
sandwiched between
master and substrate
Plastic substrate
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The nanoreplica molding technique starts from an 8 inch silicon wafer carrying 
the negative image of the grating pattern which is fabricated using deep-ultraviolet (UV) 
lithography in a foundry. The silicon wafer was first treated with silane (PlusOne Repel-
Silane ES, GE Healthcare) to facilitate the later replica separation.  
To transfer the one-dimensional PC structure onto a flexible polyethylene 
terephthalate (PET) substrate, a layer of liquid ultraviolet curable polymer (UVCP) 
(ZPUA, Gelest Inc.) was spread onto the top surface of the silane-treated master wafer, 
followed by gradually covering the UVCP with a 0.5 mm thick PET film over the entire 
wafer. Then, a rubber cylinder of ~ 5 lbs was gently rolled across the top surface of the 
sandwiched structure which comprises the silicon wafer, a layer of curable polymer 
UVCP, and the PET film, enabling the polymer to flow into the master wafer mold shape 
while simultaneously eliminating any trapped air pockets. At room temperature, the 
rolling forms a uniform continuous layer of polymer between the silicon wafer and the 
PET substrate which conformed to all the features of the master SOI wafer without any 
intervening air bubbles. Subsequent exposure of the polymer film UV illumination from 
a high-power xenon lamp (RC600, Xenon Corporation) for 30 seconds resulted in a layer 
of solid UVCP preferentially adhering to the PET substrate owing to the crosslinking 
reaction. The cured polymer layer thickness is controlled by the liquid polymer viscosity, 
the temperature of the replication process, and the pressure applied between the PET 
substrate and the master mold during periodic structure replication [88]. 
 Finally, the master wafer and the replica of the periodic structure were separated 
by carefully peeling off the PET substrate, along with the UVCP layer, from the rigid 
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wafer. This generated an exact replica of the linear PC structure in the form of UVCP on 
the PET substrate, with a periodicity and depth of 550 nm and 170 nm, respectively. The 
completed UVCP layer has an overall thickness of ~ 10 µm with a refractive index n = 
1.46 as measured by ellipsometry (VASE, J.A. Woollam) at 850 nm. The replicated 
pattern in UVCP was inspected with a scanning electron microscope (SEM), as shown in 
Figure 2.10(a). After fabrication, the PCs can be trimmed and attached to the bottom of 
standard bottomless 96-, 384-, or 1536- well microplate for high-throughput drug 
screening applications, as shown in Figure 2.10(b) and Figure 2.10(c). 
 
Figure 2.10. (a) SEM image of the grating replica. (b) Massively produced on a square-yardage 
basis. (c) Sensors are trimmed and attached to glass slides or 96-, 384-, 1536-microwell plates 
for high-throughput screening. 
(a)
(b) (c)
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2.4 ECL GAIN MATERIAL SELECTION: SEMICONDUCTOR OPTICAL 
AMPLIFIER  
SOA is chosen as the gain supplier instead of an ordinary solitary laser diode in 
our ECL system. This is because a laser diode based ECL system is prone to experience 
an “internal mode hopping” problem, with explanations as follows. The interaction 
between the Fabry-Perot modes of the diode-PC cavity, the optical cavity created 
between the two end facets of the diode and the PC resonant reflection results in the 
potential for “internal-mode hopping” that can potentially destroy the ability to reliably 
obtain smooth transitions between external cavity modes.  
Mode hopping is a well-known issue for all tunable ECL systems, and a large 
number of publications discuss its origins and solutions [89-94]. The origin of the 
internal mode hopping problem is the residual reflections from the end facets of the laser 
diode. Since the AR-coated laser diode has only one facet with AR coating, it has 
considerable residual reflectivity between the input and output ends, which results in 
resonant amplification between the end mirrors. Therefore, an AR-coated laser diode 
represents itself as a Fabry-Perot (FP) amplifier which exhibits larger optical gain at 
wavelengths corresponding to the longitudinal modes of the semiconductor solitary 
cavity and smaller gain in between the cavity modes. This gain modulation causes 
potential “internal-mode hopping” of the ECL system. The basic mechanism for mode 
hopping is shown graphically via computer simulations of the available modes, shown in 
Figure 2.11 and Figure 2.12.  
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Figure 2.11. Simulation illustrating the lasing mode selection as a result of the high 
residual reflectivity of the diode end facets.  
 
Figure 2.12. Simulation illustrating the potential internal mode hopping of the ECL 
system.  
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For this simulation, the diode length is 1.0 mm, the AR coating reflectivity = 
0.04%, and the PC resonance width is = 1.2 nm. The ECL will effectively multiply 
the diode gain spectrum by the mode profiles of the two cavities to select the lasing 
wavelength, so a small shift in PC resonant wavelength can either result in a small 
incremental shift, or hop to a new mode that is ~ 0.1 nm away, as shown in Figure 2.12.  
Since the root of the mode-hopping problem is the residual reflectivity of the 
semiconductor diode, the most straightforward solution is to replace it with another gain 
medium with significantly lower residual reflectivity. One of the candidates is traveling-
wave semiconductor optical amplifier (SOA). Semiconductor optical amplifier is an 
optical amplifier which can provide coherent light amplification through stimulated 
emission generated from electron-hole recombination in the active region of the gain 
medium. The biggest difference between an SOA and a laser diode is that the SOA is 
deprived of the optical feedback from reflections of the facets that would otherwise form 
a Fabry-Perot cavity. It is essentially a laser diode with end mirrors replaced by excellent 
AR coatings—often in the form of quarter-wavelength thin layers of SiNx, Al2O3, or 
SiO2. It should be pointed out that the AR coatings minimize reflection only within a 
limited spectral range, outside of which the internal modes of the diode are not 
suppressed. Modern technologies of tilted waveguide [95] and buried facet design [96] 
have further reduced the residual reflectivity (as low as 10
-5
), broadened the working 
wavelength range, and leaded to the polarization independent reduction in mode 
selectivity. Currently, SOA with a minimum gain modulation or gain ripple as low as 0.1 
dB can be commercially available [83].  
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To make sure the ECL system lases at a mode selected by the external PC filter, a 
traveling-wave SOA (SOA-372-Broadband-Traveling-Wave Semiconductor Optical 
Amplifier at 850 nm, Superlum Diodes, Ltd) is implemented as the gain supplier in our 
laser sensor system, providing broadband and smooth gain. Without any external 
feedback, the relationships between the amplifier’s output power and bias current for our 
current SOA and a previously used ordinary laser diode with inferior end-facet 
reflectivity control have been investigated, with the measured results represented in 
Figure 2.13.  
 
Figure 2.13. The plot of light output as a function of current for a traveling-wave SOA 
with an ordinary laser diode.  
 
As shown in this figure, as the injection current increases, the output power of the 
SOA increases smoothly, with much lower slope efficiency, owing to its extremely low 
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residual reflectivity; in contrast, the laser diode shows a rapid increase in its output 
power, indicating stronger feedback due to the end-facet reflection.  
Using the SOA with a 0.5 mm internal cavity length and 10
-5 
end facet 
reflectivity, we have demonstrated continuous tuning of the ECL emission between 
allowable external cavity longitude modes due to the increased mode spacing of the 
semiconductor cavity modes and reduction in the gain modulation strength.  
 
2.5 DATA ACQUISITION SYSTEM 
A software program was written in the C# programming language utilizing the 
Microsoft Visual Studio 2010 development environment to control the various pieces of 
hardware that make up the ECL biosensor system. Figure 2.14 shows a current 
screenshot of the main portions of the program.  
 
Figure 2.14. Front panel of the ECL system’s data acquisition software.    
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The first purpose of this program is to direct the motion stage to hold the desired 
well of the sensor microplate directly above the output of the SOA emission. Then, the 
CCD inside the spectrometer is told to start the integration time. After the full integration 
time, the spectrum that is collected by the CCD gets passed back to the program, where 
it is displayed on the screen for user feedback and stored into a text file for further 
analysis. The acquired laser emission spectrum is fitted with a Lorentzian function to 
find peak emission value with a resolution better than the resolution of the HR4000 
spectrometer. The Lorentzian function is given by  
])(4/[ 2200 wcwyy                                          (2.9) 
 where 0 represents the calculated lasing emission peak value.  
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2.6 TABLES 
Table 2.1. A summary about the specifications of the traveling wave semiconductor 
optical amplifier used in the ECL biosensor system. 
 
 
Table 2.2. Analogy of quantum mechanics to electromagnetism of PCs.  
 
Forward current, mA
Forward voltage, V
Parameter Max.Typ.
60
3 dB gain bandwidth, nm
Central wavelength λ0, nm
Gain ripple, dB
Small signal gain, dB
Saturation output power, dBm
Polarization dependent gain, dB
850 
40
< 0.1 
25
8.0 
7
200
2.2
0.2
Specifications
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CHAPTER 3 ECL LABEL-FREE BIOSENSOR: 
CHARACTERIZATION  
Here, we describe for the first time an alternative laser-based label-free optical 
biosensor approach that maintains the high resolution of laser biosensors while 
addressing the shortcomings left off by previous laser-based biosensors. The key 
innovation in our work is the introduction of gain from a source external to the sensor 
itself, resulting in a very robust detection system that allows low-cost, large area 
transducer/sensing chips, noncontact optical coupling, a compact/inexpensive 
semiconductor pump source, continuous-wave (CW) operation, and multiplexing – while 
at the same time achieving high sensitivity, high dynamic range, and the ability to 
measure very small wavelength shifts. In light of previous label-free biodetection 
approaches, and laser-based biosensing in particular, the approach presented in this 
dissertation represents a substantially important advance.  
Tunable ECLs have generated considerable interest in optical communications, 
atomic laser spectroscopy, and environmental monitoring since the introduction of the 
first external cavity diode laser in 1964 [70] and the first tunable systems afterward [71, 
72]. Through the insertion of a wavelength-selective element into the system, an ECL 
configuration permits emission of a single mode with a linewidth that is considerably 
less than that of a laser diode [69]. This work represents the first instance of an ECL 
system being utilized as a biosensor. 
 59 
 
3.1 ECL EMISSION SPECTRUM CHARACTERIZATION  
The semiconductor optical amplifier (SOA-372-Broadband-Traveling-Wave 
Semiconductor Optical Amplifier at 850 nm, Superlum Diodes, Ltd.) provides optical 
gain for the external cavity laser system through stimulated emission generated from 
electron-hole recombination in the active region of the InGaAs/InP gain medium. Both 
facets of the SOA are anti-reflection coated and angled at 10° to the emitting waveguide 
strip, thus reducing the degree of lasing when the SOA is operating by itself. Since 
variations in injection current or temperature can simultaneously cause deviations in the 
output power and chirp of the emission frequency, for stable operation and precise 
tuning of the ECL sensor system by biomolecule adsorption, a laser diode controller 
(PILOT4-AC, Superlum Diodes, Ltd.) was utilized to precisely control the driving 
current and operating temperature, which keeps the SOA at its suggested operating 
temperature of 25 °C.  
The reflection spectrum of the PC, the spontaneous emission spectrum of the 
SOA, and the laser emission spectrum of the ECL-PC are shown together in Figure 3.1. 
The PC exhibits a resonance peak at around 853 nm with a 3-dB bandwidth of = ~ 3 
nm. When the same PC was employed as the wavelength selective element of the ECL 
system, the relative wide PC reflection peak was translated into a much narrower ECL 
emission.  
The ECL emission spectrum shows a laser emission peak also at 853 nm, as 
determined by the resonant wavelength of the photonic crystal filter. Using a 
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spectrometer to measure the ECL emission spectrum (IHR550, Horiba Jobin Yvon), the 
width of the lasing peak is measured to be at least as narrow as = 30 pm, as limited 
by the wavelength resolution of the spectrometer (with a resolution of 20 pm).  
 
Figure 3.1. Overlaid SOA spontaneous emission spectrum, PC resonant reflection 
spectrum, and ECL single mode laser emission spectrum. The red dotted curve displays 
the spontaneous emission spectrum of the SOA obtained under an injection current of 
56 mA at room temperature.  The green curve represents the normalized PC resonant 
reflection spectrum and the blue curve denotes the normalized ECL lasing emission 
spectrum. 
 
In order to more accurately measure the Q of the ECL emission, a scanning 
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scanning Fabry-Perot interferometers is an optical cavity formed by two, nearly 
identical, spherical mirrors separated by their common radius of curvature. This 
configuration is known as a mode-degenerate, confocal cavity design, which is generally 
referred to as a confocal Fabry-Perot. The cavity is mode degenerate because the 
frequencies of certain axial and transverse cavity modes are the same (degenerate). This 
degeneracy greatly simplifies the alignment of the instrument by eliminating the need to 
carefully mode match the input to the cavity. For a Fabry-Perot cavity, the finesse is a 
measure of the interferometer's ability to resolve closely spaced spectral features. The 
minimum resolvable frequency increment of an interferometer is based on the Taylor 
Criteria, which stipulates that for two closely spaced lines of equal intensity to be 
resolved, the sum of the two individual lines at the midway point can at most be equal to 
the intensity of one of the original lines [97]. 
The measured interferogram is shown in Figure 3.2. For the raw data acquired by 
the interferometer, the y-axis is shown in intensity while the x-axis is displayed in the 
unit of time (mili-second). As such, proper translation is needed to appreciate the 
spectrum data. The inset figure is a free-spectrum range (FSR) plot, which is used to 
calibrate the time-base of the oscilloscope. Knowing the FSR of the interferometer is 1.5 
GHz, the calibration factor is found by setting 1.5 GHz = 3.5 ms (428.57 MHz/ms), the 
distance between the two peaks. With the oscilloscope time-base calibrated from the 
inset plot, the FWHM of the laser emission is determined to be 0.025 ms × 428.57 
MHz/ms = 10.71 MHz, which corresponds to a FWHM = 0.03 pm in wavelength.  
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Figure 3.2. Interferogram. ECL emission spectrum measured using a scanning Fabry-
Perot interferometer with 7.5 MHz resolution. (inset) FSR Plot. Knowing the FSR of 
the interferometer is 1.5 GHz, the calibration factor is found by setting 1.5 GHz = 3.5 
ms (428.57 MHz/ms), the distance between the two peaks. With the oscilloscope 
timebase calibrated from the inset plot, the FWHM of the laser emission is determined 
to be 0.025 ms × 428.57 MHz/ms = 10.71 MHz, which corresponds to a FWHM = 0.03 
pm in wavelength. The main figure shows a close-up of the actual signal of the laser, 
which results from the convolution of the laser linewidth and finesse of the 
interferometer FP cavity.  
 
It should be noted that, the measurements for the PC reflection peak and the ECL 
emission spectra were acquired with the sensor surface immersed in deionized water (DI 
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water) at room temperature, as the photonic crystal sensor used in the study is engineered 
to operate with aqueous media on its surface. Water absorption near 850 nm is as small 
as 0.04 cm
-1
, which is one reason why our PC is designed to operate at near-infrared 
(NIR) wavelength range. 
 
3.2 INPUT-OUTPUT POWER INVESTIGATION  
The relationship between the laser output power and the SOA bias current was 
investigated and the result is presented in Figure 3.3. The ECL system with the surface 
photonic crystal as the wavelength selective element shows a threshold current of 48 
mA. Above threshold, as the bias current increases, the total power of the ECL linearly 
increases with a slope efficiency of 39.0 mW/A.  
Under normal biosensing operation condition, the SOA injection current was 
locked at around 60 mA, and the corresponding laser output power is around 0.6 mW. 
Such an operation condition was chosen due to two reasons. First, it guarantees stable 
laser operation by supplying a bias current above the lasing threshold with a safe margin. 
Second, the output power is low enough at this current level to keep biomolecule agents, 
such as cells and proteins, stay alive with functionality not severely affected.  
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Figure 3.3. The light vs. current (L.I.) curve associated with the external cavity laser. 
Using linear least-squares fit to the emission fluence above threshold, clear threshold 
current of 48 mA and slope efficiency of 39 mW/A are found.  
 
3.3 BULK REFRACTIVE INDEX SENSITIVITY CHARACTERIZATION 
In order to characterize the bulk refractive index sensitivity of the sensor and to 
demonstrate single-mode lasing operation over a large wavelength range, PC surfaces 
were exposed to a series of liquid samples with the solvent dimethyl sulfoxide (DMSO) 
mixed with deionized water. The refractive index (n) of the liquids ranged from 1.333 to 
1.395 (at = 860 nm). The corresponding laser wavelength shifts (LWS) are shown in 
Figure 3.4.  
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Figure 3.4. Normalized laser emission spectra for the sensor surface in DI water and 
different concentrations of DMSO solutions. 
 
The sensitivity to bulk refractive index change was determined to be 212 nm/ 
RIU by wavelength modulation as Figure 3.5 shows. A dynamic range as large as 13 nm 
has been demonstrated at the same time. The full operating range of the system is 
determined by the gain spectrum of the SOA, which has been selected to provide gain in 
the 830 < < 870 nm range. 
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Figure 3.5. The ECL emission wavelength shift as a function of refractive index change 
on sensor surface. 
 
3.4 SURFACE SENSITIVITY CHARACTERIZATION  
The other criterion by which sensor performance is evaluated is the sensitivity of 
wavelength emission to surface adsorbed mass density. In bulk material sensing, the 
analyte is a homogeneous solution and any species on or above the sensor surface 
contributes to the laser emission wavelength shift.  For surface adsorbed mass detection, 
only surface-bounded material contributes to the final laser emission wavelength shift, 
while nonbound material will be removed from the sensor by a washing procedure. 
Surface sensitivity is the most important criterion for the detection of protein to protein 
or protein to small molecule binding interactions [98].  
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By monitoring the spectral output of the ECL biosensor as a function of time, the 
kinetic characteristics of surface mass adsorption can be recorded. Figure 3.6 illustrates 
the dynamic detection of the growth of a single protein polymer poly-(Lys, Phe) (PPL, 
Sigma–Aldrich) monolayer (thickness ~ 15 nm [36]) with independent wavelength 
measurements taken with a time interval of 500 msec.  
 
Figure 3.6. ECL sensor surface sensitivity characterization. Kinetic plot of polymer 
protein self-limiting monolayer (PPL) absorption induced laser emission wavelength 
shift. 
This data was obtained by initially establishing a baseline emission wavelength 
when the PC surface was covered with a phosphate-buffered saline (PBS) solution with 
pH = 7.4 at room temperature. After 6 minutes, the PPL solution was added (0.5 mg/ml 
in PBS) and stabilized for 20 min, followed by rinsing of the surface with PBS to remove 
any PPL that was not firmly attached. Previously, PPL has been demonstrated to form a 
0 5 10 15 20 25 30
0.0
0.4
0.8
1.2
1.6
L
W
S
 (
n
m
)
Time (min)
Rinse
 
 
Add PPL
 68 
 
self-limiting single monolayer coating upon dielectric surfaces [36]. The sensor 
exhibited an emission wavelength shift of ~ 1.24 nm for PPL monolayer adsorption, and 
no drift of the lasing wavelength was detectable over time periods up to one hour. 
 
3.5 ECL EMISSION LINEWIDTH AND WAVELENGTH STABILITY ANALYSIS  
Typically, ECL systems utilize first-order diffraction from a grating to provide 
the optical feedback and wavelength selection, as in typical Littrow and Littman–Metcalf 
configurations [73, 74]. Guided mode resonant filters and photonic crystal reflection 
filters have also been demonstrated as efficient wavelength selective mirrors for ECL 
systems [76, 77], including the ability to tune an ECL through electronic and optical 
modulation of a PC with a liquid crystal medium on its surface.  
One of the most striking features of the external cavity laser is its extremely 
narrow linewidth, which has been extensively studied both theoretically [99-102] and 
experimentally [72, 103]. The linewidth of a semiconductor laser single longitudinal 
lasing mode is given by the modified Schawlow and Townes formula that incorporates 
the Henry linewidth enhancement factor αH [104]: 
                                 (3.1)
 
where hν is the photon energy, νg is the group velocity, nsp is the population inversion 
factor, Pout is the single-facet output power, and αm is defined as the mirror loss.  
                                                     (3.2)
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Here, L is the laser cavity length, and R1 and R2 are the power reflectance of the two 
mirrors of the laser cavity. Equation 3.1 describes the spectral broadening of the laser 
linewidth due to phase and amplitude fluctuations caused by the unavoidable addition of 
spontaneous emission photons to the coherent lasing mode. These so-called quantum 
noise fluctuations define a lower limit on the laser linewidth, which may be masked by 
larger noise fluctuations caused by mechanical/acoustic vibration or thermal variation. 
Extending the length of the cavity will decrease αm (see Eq. (3.2)), which reduces the 
linewidth. This can be understood by viewing the quantum noise-limited linewidth as 
being proportional to the ratio of the number of spontaneous emission photons in the 
lasing mode [105]. Increasing the cavity length both reduces the number of spontaneous 
emission photons (by decreasing the "cold-cavity" spectral width of each longitudinal 
mode) and increases the total number of photons in the cavity for a fixed output power. 
This is why the cavity length term appears twice in the Schallow-Townes equation. In 
short, the elongated resonator reduces the damping rate of intracavity light and the 
spontaneous recombination phase fluctuation, and therefore achieves low phase noise 
and narrow laser emission linewidth, with values typically below 1 MHz (0.0075 pm) 
[68, 72, 78]. Additionally, the high gain of a semiconductor laser allows for continuous 
wave operation, which permits simple detection, dynamic monitoring, and an 
inexpensive, small, robust electrical pump system.  
ECL performance can be optimized if the reflectance of the laser diode’s output 
facet is extremely low [68], as strong external feedback requires that the mirror losses of 
the solitary diode cavity be much (> 20 dB) greater than the combined mirror, mode 
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selection filter, and external cavity coupling loss [79]. Alternatively, the diode can be 
coupled to an optical fiber as a means for extending the external cavity length up to 
several meters. The smallest increment of wavelength tunability in an ECL is determined 
by the cavity mode spacing. For stable operation, it is necessary to control the laser 
injection current and temperature, which can be accomplished through closed-loop 
thermal control with a temperature sensor mounted into the same package as the SOA.  
Commercially available SOA controllers stabilize injection current to better than +/- 1 
mA, and temperature to within +/- 0.3 mK over time periods of several hours [80]. 
 
3.6 FIGURE OF MERIT ANALYSIS 
A widely adopted means for comparing performance between resonant optical 
biosensors is to calculate a figure of merit (FOM) that incorporates the sensitivity of the 
sensor (the magnitude of a measured quantity change) and the resolution for measuring 
small changes in that quantity [35]. The sensitivity of optical biosensor methods can be 
compared through their sensitivity to changes in the refractive index of a bulk medium 
deposited on their surface (Sb). On the other hand, the resolution strongly depends on the 
Q-factor of the resonance. Therefore, a FOM that combines sensitivity and resolution 
metrics can be defined as: 
 FOM = Sb × Q                                                         (3.3) 
The FOMs of different types of resonator based biosensors are summarized and 
compared again in Table 3.1 at the end of this chapter. As shown in this table, SPR 
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biosensor has demonstrated the highest sensitivity. However, since it uses a thin film of 
gold in its waveguide design, which is high lossy at optical wavelength range, its Q-
factor is as low as ~ 10, several orders of magnitude lower than other representative 
label-free biosensing techniques. On the other hand, though WGM biosensors have 
demonstrated extremely high Q-factors, their high confinement of the optical field 
renders these sensors insensitive to the change in the surrounding media. As such, their 
sensitivity is significantly lower, when compared to others.  
Our ECL sensor has demonstrated state-of-the-art FOM. While the PC is a 
passive optical resonator with modest Q-factor (Q ~ 1000), its interaction with the gain 
provided by a semiconductor optical amplifier through the formation of a resonant cavity 
results in an active optical resonator with an extremely high Q (Q ~ 2.8×10
7
) through the 
stimulated emission process, while retaining high sensitivity. This arrangement combines 
the high sensitivity of the PC passive resonator with the high resolution of the external 
cavity laser emission.   
The ECL system is well known for its extremely narrow emission, as analyzed in 
the previous session. Though WGM based biosensors have also demonstrated similar Q-
factors, their sensitivity is significantly lower. In addition, for WGM biosensor systems, 
they usually require a widely tunable external cavity laser as the pump source. The 
resonant peaks are found by tuning the laser emission wavelength of the pump laser over 
the wavelength range of interest and then track the locations of the minimum laser 
intensity output. This time-consuming detection strategy not only compromises the 
detection throughput, but also loses time domain detection resolution. In contrast, for our 
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ECL system, due to the high intensity laser emission, data acquisition at each detection 
spot can be done in only < 2 ms (limited by the detection speed of the CCD inside the 
spectrometer), enabling high throughput and real-time detection. Also, it is always 
challenge to accurately locate a narrow resonant peak for a passive resonator like WGM 
based biosensor. As the ECL biosensor operates in CW mode, the high intensity and 
narrow laser emission can be more accurately measured using an interferometer based 
wavelength meter. This is another important advantage of the ECL biosensor over other 
laser sensors working in pulsed mode and high Q passive cavity resonator biosensors.  
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3.7 TABLES 
Table 3.1. Figure of merit (FOM) comparison among a variety of optical resonator 
biosensor technologies. 
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CHAPTER 4 APPLICATIONS OF ECL LABEL-FREE BIOSENSOR 
4.1 SMALL MOLECULES DETECTION  
4.1.1 Biotin Binding to Immobilized Streptavidin   
One of our goals is the detection of drug or drug-like low molecular weight 
molecules interacting with immobilized protein targets in the context of pharmaceutical 
screening, as modern drug discovery relies largely on high-throughput screening for the 
initial identification of candidate small molecules. A conventional demonstration for 
characterizing the ability of a sensor to observe small molecule binding is the detection 
of biotin (Molecular weight (MW) = 244 Da) by an immobilized capture layer of protein 
streptavidin (SA, MW = 60 kDa), given the strong binding affinity (Kd = 10
-15
M) of this 
interaction [106]. A schematic drawing of the SA-biotin binding is shown in Figure 4.1. 
Such a proof-of-concept demonstration was performed on our ECL biosensor system. 
 
Figure 4.1. Tetrameric structure of streptavidin (ribbon diagram) with two bound 
biotins (spheres). One streptavidin is able to bind up to four biotin molecules.  
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Prior to small molecule measurement, the sensor surface was prepared using a 
three-step surface chemistry protocol. First, a proprietary polymer (PVA) solution was 
introduced to the sensor that contains a high density of amine functional groups (NH2), 
and allowed to incubate with the sensor for 28 hours. This type of polymer forms a 2D 
structure on the photonic crystal surface. After removal of the polymer solution from the 
biosensor microplate wells and rinsing three times with 0.01 M phosphate buffered 
saline (PBS; pH = 7.4) buffer solution, the second step of the protocol was performed, 
which was to functionalize the amine groups within the deposited polymer by exposure 
to glutaraldehyde (GA; C5H8O2; MW = 100 Da; Sigma-Aldrich), which served as a bi-
functional linker. The GA formed a stable covalent attachment to the polymer amine 
groups with one of its aldehyde groups, while its second aldehyde group was available to 
form a covalent bond with exposed amine groups on the outer surface of SA. The sensor 
surface was exposed to GA solution (25% in PBS buffer solution) for 3.5 hours, 
followed by a PBS wash. The final step in the protocol was the exposure to SA solution 
(0.5 mg/mL in PBS). After 30 hours of SA incubation, the sensor chip was rinsed with 
PBS. A schematic of the experiment protocol is illustrated in Figure 4.2. The ECL 
wavelength shift was recorded for each of the steps in the process, resulting in Δλ = 0.48 
nm for the polymer layer, Δλ = 0.24 nm for the GA layer, and Δλ = 1.89 nm for the SA 
deposition (data not shown). 
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Figure 4.2. A schematic of the experiment protocol for the small molecule binding 
detection. 
 
The dynamic binding curve of the biotin-streptavidin interaction is shown in 
Figure 4.3. Any physical effect in the sample, sensor, or detection instrument that can 
generate a shift of ECL wavelength that is not due to the binding of the analyte is 
considered as a potential error source. The most common sources of assay error for 
label-free biosensors are nonspecific binding and bulk refractive index variability. 
Common-mode error sources such as these can be largely eliminated through the use of a 
negative experimental control by performing the assay within adjacent “active” and 
“reference” microplate wells. Both the active and the reference wells are initially 
functionalized with a high density glutaraldehyde layer, which serves as a bi-functional 
linker to immobilize the capture protein to the sensor surface. The capture protein is 
Small molecule: biotin
Sensor surface
Polyvinylamine (PVA)
Capture Proteins: SA
Glutaraldehyde
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added to the active well, and allowed to bind to the GA surface. Excess (unbound) 
capture protein is removed from the well by a rinse step with buffer. For both wells, a 
stable baseline is established by filling the well with 30 µL PBS buffer solution, 
followed by the introduction of 30 µL small molecule solution (in PBS buffer) into the 
well.  
 
Figure 4.3. Dynamic binding of biotin to streptavidin. Lasing wavelength shift as a 
function of time during the exposure of a 250 ng/mL solution of biotin to the 
streptavidin-activated sensor.  
 
Biotin binding produced an LWS of ~ 23 pm on the streptavidin surface, while in 
the control well no binding signal was observed. For kinetic measurement of an 
individual sensor without referencing or temperature control, small fluctuations in the 
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ECL wavelength are observed with a magnitude of ~ 4 pm, which will be discussed more 
fully as we address fundamental sources of sensor noise.   
The expected biosensor LWS can be calculated as follows. Since every SA 
molecule can capture up to four biotin molecules, biotin binding can result in a laser 
wavelength shift of:  
SA
SA
biotin
biotin LWS
MW
MW4
LWS 

                        (4.1) 
where MW represents molecular weight. From Eq. (4.1) and the LWS measured for the 
SA immobilization, the calculated biotin shift is ~ 30.5 pm. Our measured LWS from the 
biotin is a little smaller than the theoretical LWS value, which occurs because SA 
molecules were not able to bind four biotin targets due to blocked binding sites. 
 
4.1.2 Estradiol Binding to Immobilized Estrogen Receptor   
With this demonstration of small molecule binding in hand, the ECL sensor 
platform was next used to detect a more clinically relevant ligand-protein interaction in 
the form of estradiol and estrogen receptor α (ER). The estrogen receptors serve a variety 
of functions in the body and have been implicated in a range of diseases including breast 
cancer, osteoporosis, and atherosclerosis [107]. The molecular weights of estradiol (272 
Da) and ER (63 kDa) are similar to those of biotin and streptavidin, but the binding 
affinity (Kd = 0.1 nM) is 10
5
 times lower. Importantly, this interaction has been 
previously studied in optical biosensor systems, though not in a format that is compatible 
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with high-throughput [108]. Structures of the estrogen receptor 1 (ER-alpha) and the 
estradiol are shown in Figure  4.4.  
      
()  
 
 
 
 
 
 
 
 
 
 
 
s s 
 
 
                               
 
 
 
                               (a)                                                             (b) 
Figure 4.4. Structure of the ligand-binding region of ER-α (a) and the estradiol 
molecule (b).  
 
For this experiment, the sensor surface was first prepared with a high density 
layer of GA, using the same protocol as described in Section 4.1. Once activated by GA, 
the sensor surface was exposed to ER-alpha solution (2 µM in PBS). After 20 hours of 
incubation, the sensor chip was rinsed with PBS. The immobilization of the ER molecule 
results in a LWS of around 2.10 nm. Estradiol (PBS, 1% DMSO, pH 7.4) was then 
introduced to the ER-functionalized surface. Dynamic binding of estradiol to the 
immobilized ER is shown in Figure 4.5(a). For this experiment, the concentration of the 
estradiol is 50 µM.  
Estradiol solutions with three different concentrations (500 nM, 12.5 µM and 50 
µM) were added to the ER-alpha functionalized sensor surface.  The expected LWS from 
estradiol binding to ER is 9.07 pm, a calculated value based on the molecular weight 
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ratio of estradiol/ER and a 1:1 binding stoichiometry. The experimentally measured 
signals from all three ligand solutions agreed well with the theoretical prediction, as 
shown in Figure 4.5(b).  
 
Figure 4.5. Drug-like small molecule detection: exploration of the estradiol-estrogen 
receptor binding. (a) Black curve represents the laser sensor’s response to the addition 
of estradiol (50 µM in 1% DMSO solution) to the estrogen-receptor coated sensor well 
(half filled with PBS), while the red curve denotes the sensor’s response in the control 
well, where the same estradiol solution was added to a glutaraldehyde-coated sensor 
surface (half filled with PBS). After subtracting the shifts due to the solution bulk RI 
change and non-specific binding, the dynamic binding of estradiol to the estrogen-
receptor on the sensor’s surface is shown in the blue curve. (b) Lasing wavelength 
shifts for immobilized ER, exposed to 0.5µM, 12.5µM, and 50µM estradiol 
concentrations. All of the measured LWS represent the net shifts after referencing to 
negative controls, with error bars indicating the standard deviation of lasing 
wavelength values within individual sensor wells.  
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4.1.3 Smac Mimetics-122 Binding to Immobilized X-Linked Inhibitor of Apoptosis 
Protein  
Next, the ECL sensor platform was utilized to quantify a ligand-protein binding 
with even lower binding affinity (Kd = 193 nM). The purpose of this experiment is to 
immobilize a large inhibitor of apoptosis protein (IAP) to the sensor surface as the 
receptor for detecting the binding of a much smaller smac mimetic (SM) molecule.  
Defects in the apoptosis machinery provide a survival advantage to cancer cells 
and confer resistance of cancer cells to current anticancer therapies [109]. Targeting 
critical apoptosis inhibitors is an attractive new cancer therapeutic strategy [110]. 
Inhibitor of apoptosis proteins are a class of key apoptosis regulators characterized by 
the presence of one to three domains known as baculoviral IAP repeat (BIR) domains 
[111]. Small molecular weight smac mimetics are being developed as a novel class of 
anticancer drugs. A recent study has shown that SM molecules can bind to cellular 
inhibitor of apoptosis protein for degradation and apoptosis in tumor cells, so as to 
effectively inhibit tumor growth and is capable of achieving tumor regression [112].  
The specific molecules studied here are SM-122 (457 Da) and the X-linked 
inhibitor of apoptosis protein (XIAP) (65,000 Da). Following the surface preparation 
protocol as described in previous sections, the active sensor well was coated with a high 
density layer of XIAP while the negative control well was coated with only GA 
molecules. Both wells were filled with buffer solution (1% DMSO in PBS), and 
monitored at 0.5 s intervals for 2.5 min to establish baseline stability. The wells were 
exposed to ambient room conditions, without temperature control. Following 
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establishment of the baseline, SM-122 at a concentration of 50 µM was added to both 
active sensor and control wells. Figure 4.6 shows the lasing wavelength value response 
as a function of time for both wells.  
 
Figure 4.6. Smac Mimetics-122 binding to immobilized X-linked inhibitor of apoptosis 
protein. (a) Dynamic binding of SM-122 molecules to XIAP capture molecules 
immobilized on sensor surface. (b) Control experiments for SM-122 molecules flowing 
over GA-adsorbed surface. 
 
As illustrated in Figure 4.6, the stable baseline for the GA-surface is maintained 
when exposed to SM-122 solution, indicating observation of a non-measurable non-
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specific binding signal, but that a specific response is observed by the XIAP-
immobilized surface. Since there is no non-specific binding between the SM-122 and the 
GA functionalized surface (see Figure 4.6(b)), the resonance wavelength shift of smac 
mimetics specifically binding to capture protein was determined to be 0.008 nm.  
 
4.2 DNA HYBRIDIZATION PROCESS STUDY 
A further demonstration of biomolecular interaction detection with binding 
affinities representative of biological systems, PC surfaces were functionalized with 
synthetic 20-mer single-strand DNA oligonucleotide probes subsequently exposed to 
complementary DNA oligonucleotide targets to kinetically monitor the hybridization 
process. The detection of DNA hybridization has been a topic of central importance 
owing to its use in the diagnosis of pathogenic and genetic diseases. 
The sensor was monitored continuously during the entire sequence of capture 
probe immobilization, washing, and hybridization as shown in Figure 4.7(a). Before 
introducing DNA capture probes, the sensor surface was functionalized with a high 
density of glutaraldehyde (GA) using the same procedure described for the biotin-SA 
experiment. After GA functionalization, the sensor microplate well was partially filled 
with a 30 µL saline-sodium citrate (SSC) buffer solution (0.045 M sodium citrate, pH ~ 
7.0, 0.45M NaCl, Sigma–Aldrich) to establish a stable baseline.  
Immobilization of the DNA capture probes (5'-ATT TCC GCT GGT CGT CTG 
CA-3') was initiated by addition of 30 µL 4 µM concentration of the molecule in SSC 
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buffer solution to minimize laser wavelength shift occurring through change in bulk 
refractive index. As a result, the in-well concentration of the DNA probes is 2 µM. At 
the 5' end of the DNA probes, a tail of 12 amine groups (NH2) facilitates binding of the 
DNA to the GA surface via covalent bonds. The sensor was incubated in the probe DNA 
solution for approximately 60 minutes, allowing the lasing wavelength to saturate at a 
stable value, followed by rinsing the sensor surface three times with SSC buffer solution 
to wash off any unbound DNA.  
In order to prevent the non-specific binding between the target DNA and the GA 
surface, a blocking step using ethanolamine (EA; C2H7NO, 200 mM) was performed to 
chemically react with any remaining aldehyde groups on immobilized GA molecules. 
We observed an initial rapid increase in lasing wavelength due to the greater refractive 
index of the blocking solution, followed by a more gradual negative wavelength shift 
during the blocking process, as loosely bound GA molecules and DNA probes were 
removed from the PC surface.  
Following a second rinse step in SSC buffer to remove the blocking solution, a 
stable baseline was established by adding 30 µL SSC buffer solution to the well. The 30 
µL target single-strand DNA solution with a complementary sequence to the probe DNA 
(3'-TGC AGA CGA CGA GCG GAA AT-5') was pipetted into the well. For this 
experiment, six separate biosensor microplate wells were prepared in order to separately 
evaluate six target DNA concentrations ranging from 12.5 nM to 250 nM with three 
replicate wells for each concentration. The binding of target DNA was monitored for 
over one hour, allowing the laser wavelength shift to equilibrate to a new stable value, 
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followed by a third rinse to remove any unbound DNA. Significantly, the entire sensor 
preparation, probe immobilization, and target hybridization process was monitored with 
the smallest increment in laser wavelength shift of 0.08 pm observed. This is a 
consequence of the low gain ripple of the SOA, and the 2 m length of the external cavity 
that provides a 0.08 nm gap between allowed modes. A plot of the target DNA binding 
phase of the process is shown for all the analyte concentrations in Figure 4.7(b).   
 
Figure 4.7. Demonstration of biomolecular interactions with binding affinities more 
representative of biological systems: Dynamic measurement results of the speciﬁc 
hybridization of complement probe DNA and target DNA molecules. (a) LWS through 
the probe DNA immobilization, blocker blocking, and target DNA hybridization and 
buffer rinsing process. (b) Selection of binding curves with varying target DNA 
concentrations. 
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4.3 ANALYSIS OF ECL LABEL-FREE BIOSENSOR’S THERMAL STABILITY  
These initial demonstrations of the operation of an ECL biosensor highlight the 
aspects of detection instrument design that must be considered if one is to take advantage 
of a system with extremely high Q-factor. First, in order to detect the smallest possible 
wavelength shifts that occur due to biomolecular binding, the system must not hop 
between modes in a discontinuous manner; thus, the system must have mode spacing 
less than the smallest measurable increment in wavelength shift. For the ECL biosensor, 
this aspect is addressed through the use of a 2 m optical fiber cavity that provides mode 
spacing of 0.08 pm. Second, and perhaps most importantly, experimental artifacts that 
generate a wavelength shift that is not due to biomolecular binding must be carefully 
controlled or compensated. For optical biosensors, the effects of temperature upon the 
refractive index of the liquid test sample, the sensor structure, and the detection 
instrument are the most common causes of experimental error. 
Typically, commercially available NIR tunable external cavity lasers have 
achieved 1 pm -2 pm short-term stability and ~ 50 pm long-term stability [113, 114]. 
Although the SOA is mounted into a package that enables temperature monitoring and 
closed-loop thermal control, temperature fluctuations will occur as the system responds 
to changes in the external environment. During the “stable” phases of the kinetic binding 
experiments, we observe a standard deviation of laser wavelength shifts of ~ 1.2 pm, 
which is obtained without any effort to control the temperature of the sensor, the lab 
environment, or the assay liquids (other than to leave them in the lab at room 
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temperature during the experiment). Therefore, the LWS fluctuation observed is typical 
for that obtained for tunable ECL systems that are not used for biosensing.   
Using a single active sensor at a time without a reference sensor, the ECL 
biosensor resolution performance is mainly limited by thermal noise. Ambient 
temperature fluctuations have two effects on the sensor system: (1) induction of a shift in 
the gain profile of the SOA, and (2) modulation of both the dimensions (through the 
effects of thermal expansion) and the refractive index (through the effects of the 
temperature coefficient of refractive index) of the PC materials.  
Our measured lasing wavelength value (LWV) stability for the ECL biosensor 
system with the sensor surface exposed to a water medium with no thermal control 
demonstrates a standard deviation of σ = 1.2 pm, with a fluctuation range of ~ 5 pm, as 
represented in the black and red curves in Figure 4.8.  
Because the sensor surface is entirely comprised of PC, and because the 
microplate format enables a reference well to be placed in close physical proximity to an 
active well, many of the effects of common mode thermal noise may be compensated. 
As shown in Figure 4.8, a reference sensor that is close to (1000 µm away from) an 
active sensor will undergo the same thermally induced wavelength shifts regardless of 
whether the cause of the variability was the SOA temperature or the PC temperature. 
Alternating rapidly between the two sensors and simple subtraction of the reference 
LWS from the active sensor LWS results in a standard deviation of σ = 0.39 pm.  
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Figure 4.8. Laser emission wavelength as a function of time demonstrating the stability 
of the ECL system. Stability measurement results obtained from a PC device fabricated 
on the UVCP substrate. Solid red and black curves represent the stability measurement 
results from two sensors with 1 mm distance. The sampling rate is 2 Hz. Alternating 
rapidly between the two sensors and simple subtraction of the reference (spot 2) LWS 
from the active sensor LWS (spot 1) results in a short term stability of 0.39 pm (1 σ), 
as shown in the blue curve. 
 
Although compensation via a reference sensor is effective, it is even more 
desirable to eliminate intrinsic sources of noise. The plastic-based PCs used in this work 
are vulnerable to thermal fluctuations due to relatively large coefficient of thermal 
expansion (CTE, %/ΔT) and thermal-optic coefficients (TOE, Δn/ΔT). For example the 
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temperature while the UV-curable polymer layer has CTE = 50 × 10-6 and TOE = -2.8 × 
10
-4
. The water media in contact with the biosensor also has an intrinsic TOE = 8 × 10
-5
 
that cannot be eliminated by sensor design.  
We used rigorous coupled-wave analysis [115] (RCWA) simulations to study the 
PC response to the effects of a small sensor temperature change upon the laser emission 
wavelength. Using the CTE and TOE values for TiO2, UV-cured polymer, and water, our 
simulation results reveal that a temperature change of only 0.05 ˚C, starting at a baseline 
temperature of 20 ˚C, results in a LWV of up to 5 pm, which is dominated by the high 
CTE and TOE of the polymer.  
The situation is somewhat complex, as the effects of CTE and TOE partially 
counteract each other, and can occur experimentally with different time dependencies. 
Thus, employing a substrate with much lower CTE and TOE can significantly improve 
the thermal stability. Quartz, for example, provides superior thermal stability, with a low 
CTE = 0.33 × 10
-6
 and TOE = -2 × 10
-5
.  
To demonstrate improved device stability, we have fabricated a PC biosensor on 
a fused quartz substrate using electron-beam lithography to pattern the grating structure. 
The quartz-based PC has a period and grating depth identical to that of the plastic-based 
sensor, but with slightly different TiO2 thickness to yield a surface that provides a 
resonant reflection at a wavelength near = 855 nm when covered with water. A cross-
section drawing of the quartz device is represented in Figure  4.9.  
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Figure 4.9. Cross-section structure of the PC fabricated on a quartz substrate.  
 
The quartz photonic crystal resonator filter is fabricated as follows. Electron-
beam lithography (JEOL JBX-6000FS) was used to deﬁne the one-dimensional photonic 
crystal surface structure of period Λ = 550 nm and duty cycle of 50% on a fused quartz 
substrate with ZEP (ZEP520A-7, Zeon chemicals) as the mask layer, as shown in the 
SEM image in Figure 4.10. The pattern was exposed to a size of 1 × 1 mm
2 
followed by 
development and dry-etching in a CHF3 reactive-ion etching process. A layer of high 
refractive index TiO2 was then sputtered (Lesker PVD 75) to form the ﬁnal device.  
The resonant wavelength of the device can be finely tuned by carefully 
controlling the thickness of the TiO2 wave-guidance layer. To maintain a reflection peak 
around 855 nm, the TiO2 layer thickness is aimed at 90 nm, according to the RCWA 
simulation. Reflection measurement on the quartz PC was carried out, as shown in 
Figure 4.11. The fabricated device shows a reflection peak centered at 858 nm, with a 3-
dB bandwidth of ~ 4 nm, when immersed in DI water.    
Water
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Figure 4.10. SEM image of the grating structure fabricated on fused silica substrate by 
electron-beam lithography.  
 
 
 
Figure 4.11. Measured reflection spectrum for the TM mode of the PC filter fabricated 
on quartz. 
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For this device, even without the use of a reference sensor, our stability study 
reveals a standard deviation of σ = 0.31 pm with a fluctuation range ~ 2 pm over a six 
minutes time interval, as shown in Figure 4.12. 
 
 
Figure 4.12. Stability measurement results obtained from a PC device fabricated on 
fused quartz substrate. The quartz based device has shown improved thermal immunity 
due to its lower TOC and CTE. A short-term stability of 0.31 pm at a sampling rate of 
2 Hz for a 6-minute measurement is shown here without the need of referencing. 
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CHAPTER 5 OUTLOOK AND CONCLUSIONS  
5.1 DETECTION RESOLUTION IMPROVEMENT BY INCORPORATING 
ACCURATE SELF-REFERENCING STRATEGIES 
A key goal of modern biosensing is to monitor biomolecular interactions with 
high sensitivity and high selectivity in real time, with the ultimate aim of detecting 
single-molecule events in natural samples. External cavity laser (ECL)-based biosensors 
hold the promise of detecting single-molecule processes because of the extremely high 
Q-factor and high sensitivity. To address the challenge of single-molecule detection, 
common-mode detection errors or noises, such as thermal drift signal, bulk solution 
refractive index variations induced by adding analytes, and non-specific binding signal, 
need to be controlled under a significantly low level. Driven by this, two accurate self-
referencing methods based on the dual-mode operation of ECL biosensor are described 
in this chapter.  
Previous publications have demonstrated that a single diode in an ECL cavity can 
support the operation of two or more independent lasing modes [116-120]. In fact, dual 
mode operation of external cavity laser utilizing a common gain medium has been the 
subject of extensive research due to its potential capability of generating narrow-
linewidth and widely tunable beat signals for microwave photonic applications. 
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5.1.1 Dual Mode Operation of ECL Biosensor Based on a Flow Cell Design  
To further improve the accuracy of label-free external cavity laser biosensors so 
as to achieve improved detection resolution, two photonic crystal guided-mode resonant 
filter-based wavelength selective reflectors were incorporated into a single flow cell, 
with one of the PCs performing the detection function and the other one serving as an 
accurate reference sensor. Such a detection strategy is referred as a self-referencing 
method. The ECL system simultaneously emits at two distinct wavelengths 
corresponding to two different longitudinal cavity modes selected by the sensing and 
reference PC reflectors, respectively. A cross-section schematic of the flow cell design is 
shown in Figure  5.1.  
 
Figure 5.1. Schematics of the self-referencing ECL biosensor design based on a flow 
cell. The bottom device (sensing piece) is modified with specific surface chemistry to 
perform the sensing function, while the top device (control piece) is untreated to 
function as the control. 
 
Device 1: sensing piece
Analyte solution 
Device 2: control piece
solution 
inlet 
solution 
outlet 
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The PCs were bond to the opposite sides of a thin chamber frame, forming a flow 
cell for test samples. The flow cell height is optimized to be ~ 3mm, for stable dual mode 
operation. The bottom device (sensing piece) is modified with specific surface chemistry 
to perform the sensing function, while the top device (control piece) is untreated to 
function as the control group.  
During the biomolecules detection, the stream of test sample flows though the 
flow cell and is introduced to both sensor surfaces simultaneously.  The detection target 
will be selectively captured by the immobilized capture agent on the bottom active 
sensor surface, generating a specific-binding signal. Inevitable thermal drift noise, non-
specific binding of the analyte to the sensor surface, along with the slight variations of 
the bulk solution refractive index due to the mixing of the analyte solution, will generate 
a noise signal, complicating the detection signal appreciation process. In principle, both 
the active and the control device will be affected indifferently by those common-mode 
detection error sources. As such, to compensate the detection errors, in the detection 
process, the laser emissions from both devices are monitored in real-time. Then, the real 
biomolecule adsorption signal can be accurately determined by subtracting the LWS 
signal of the control device from that of the active device. A picture of the fabricated 
device is shown in Figure  5.2.  
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Figure 5.2. A picture of the fabricated flow cell, without (top figure) and with (bottom 
figure) the PCs attached. The green color in the bottom figure shows the light 
diffraction from the grating surface.   
 
The schematic drawing of the optical setup of the dual-mode external cavity laser 
in flow cell format is shown in Figure 5.3. On the left side, the output of the 
semiconductor optical amplifier (SOA) is reflected back by a NIR reflection mirror. On 
the right side, the SOA spontaneous emission is collimated and impinges the flow cell 
structure composed of dual photonic crystal surfaces at normal incidence.  The incident 
light is TM polarized, which means it is perpendicular to the direction of the gratings. 
Such a polarization is maintained by the two single-mode polarization maintained fiber. 
The active sensor on the bottom and the referencing sensor on the top reflect back two 
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narrow resonant reflection peaks, respectively. Both reflection peaks are coupled into the 
active region of the SOA. The bias current for the SOA is kept at a relative high level (> 
60 mA) to support dual mode lasing of the system, with lasing wavelengths determined 
by the two PC reflection peaks.   
 
Figure 5.3. Schematic illustration of the dual-mode ECL setup. The SOA output 
illuminates both PC filters at normal incidence simultaneously. The dual-mode laser 
emission spectrum is analyzed by a spectrometer.  
 
Dual mode lasing has been demonstrated in our current system, with the lasing 
spectrum represented in Figure 5.4. The lasing spectrum was measured by a compact 
spectrometer (HR4000, Ocean Optics) with 20 pm resolution. For this specific flow cell, 
the control device lases at 853 nm while the active device lases at 861 nm, demonstrating 
a mode separation around 8 nm. This is achieved by coating the two devices with TiO2 
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guidance layer at different thickness. For optimized operation, the mode separation needs 
to be carefully controlled. If the two modes are too close to each other, they will undergo 
strong gain competition, resulting in unstable operation and mode hopping between these 
two modes. On the other end, if the two modes are located too far apart, a large lasing 
threshold discrepancy will also disturb the stable operation.   
 
Figure 5.4. Lasing emission spectrum of the ECL system in dual mode operation  
 
To demonstrate the ability of the self-referencing method to compensate 
common-mode noises, a proof of concept experiment has been performed. In this 
experiment, the active device is coated with a high density of streptavidin, while the 
referencing device is a blank sensor with only bare TiO2 coating. Deionized water was 
injected from the inlet of the flow cell. After fulfillment of the chamber with water, laser 
emission wavelengths from both devices were simultaneously monitored over time, with 
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the measurement results represented in Figure 5.5. Both lasing peaks are fitted with 
Lorentzian functions to accurately locate the lasing peak. As shown in this figure, as the 
two laser sensors share the same environment variations, they show great coherence in 
terms of laser emission wavelength drifts, demonstrating the ability of the dual-mode 
operation to correct common mode errors.  
 
Figure 5.5. Stability measurement for dual-mode operation of the ECL system. The top 
figure shows the result from the referencing sensor with bare TiO2 surface, while the 
bottom figure represents the result from the active sensor with streptavidin coating. The 
mode separation is 3.07 nm. As shown in the red curves, the two lasing modes show 
great coherence in terms of lasing wavelength drifts, resulting from fluctuations in the 
environment.  
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To quantify the correlation strength between these two lasing modes, the 
Pearson's correlation coefficient has been calculated, with the calculation result 
represented in Figure 5.6. Pearson's correlation coefficient, or Pearson product-moment 
correlation coefficient, is widely used in the sciences as a measure of the strength of 
linear dependence between two variables X and Y, giving a value between +1 and -1 
inclusive. A value of 1 implies that a linear equation describes the relationship between 
X and Y perfectly, with all data points lying on a line for which Y increases as X 
increases. A value of -1 implies that all data points lie on a line for which Y decreases as 
X increases. A value of 0 implies that there is no linear correlation between the variables.  
 
Figure 5.6. Pearson correlation coefficients between lasing mode 1 and mode 2.  
 
The calculated correlation coefficient is as high as 0.79, indicating a significant 
linear relationship between these two lasing modes in terms of lasing wavelength 
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variations under environmental fluctuations. The interpretation of the Pearson’s 
coefficient has again demonstrated the good potential of this dual-mode referencing 
method.  
 
5.1.2 Dual-Polarization Emission for Accurate Self-Referencing  
Though dual mode operation of an external cavity laser at the same polarization 
has demonstrated good possibilities, it had been demonstrated that, when the two modes 
are closely spaced in wavelength (0.3 nm), optical gain competition can suppress one of 
the two lasing modes, and a slight cavity change can switch the lasing mode from one to 
the other [121, 122]. Dual modes operation of a single CW-driven ECL in two 
polarizations, one in TE and the other in TM polarization, has been demonstrated by 
using a two-arm polarization-selective external cavity with gratings [123]. The beat-
frequency could be tuned from 1 GHz to 22 GHz, limited by the dynamic range of the 
detection photo-detector. Such polarization separation techniques have been proven to be 
very effective in stabilizing two closely spaced modes due to the reduced gain 
competition. ECL working at the modes with mutually orthogonal polarizations has been 
extensively studied [124, 125]. 
To pursue even more stable operation of the dual-mode external cavity laser 
biosensor, so as to achieve further improved detection resolution, we propose the idea of 
dual-polarization ECL emission operation for accurate self-referencing. A schematic 
drawing of the proposed optical setup is shown in Figure  5.7.  
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Figure 5.7. Schematic drawing of the optical setup for dual-polarization emission of 
ECL biosensor for accurate referencing.  
 
The laser diode employed in the experiment should be one InGaAs ridge-
waveguide structure that is designed and fabricated for use as polarization-insensitive 
semiconductor optical amplifier in the 850 nm wavelength domain. At least one end of 
the SOA cavity should be curved, terminating at a laser facet that is angle-tilted and AR-
coated giving a low residual reflectivity. The output of the SOA is collimated, then split 
in a polarization beam splitter cube. Once split, the optical beam at TM polarization will 
directly illuminate at the photonic crystal surface at normal incidence; while on the other 
hand, the TE polarized optical beam will go through a ½ π wave-plate and rotate itself to 
be TM polarized before reaching the sensor surface. The active and reference sensors 
may be immediately adjacent to each other – for example in neighboring wells within a 
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384-well PC biosensor microplate and be immersed in identical liquid media, and also 
receive identical treatment for surface chemistry, and capture molecule immobilization.  
  Such an operation strategy has a couple of advantages.  First, it introduces an 
accurate and adjustable reference spot adjacent to the “active well” (i.e. binding assay) 
on the biosensor chip. Second, lasing at the modes with mutually orthogonal 
polarizations is attractive because it can strongly reduce the interaction and competition 
of the modes caused by intermode beats, which result in the anomalous interaction and 
generation of new frequencies, and  enhances  noise [126]. Improved stable operation 
also implies better detection resolution of the ECL sensor system. Third, when compared 
to previous flow chamber design, this method can be more easily implemented for high-
thought detection applications, in terms of device fabrication. In addition, this design 
also has reduced interfaces. Too many interfaces may hinder the smooth laser emission 
transition of the ECL system over supported external cavity modes by creating additional 
FP cavities. The implementation of such a detection strategy is still under investigation.   
 
5.2 CONCLUSION 
In conclusion, we have demonstrated a fundamentally different approach to the 
problem of achieving high Q-factor resonance and simultaneously high-sensitivity for a 
label-free resonant optical biosensor. Using optical gain from a semiconductor optical 
amplifier, we use the stimulated emission process to generate extremely narrowband 
optical output by incorporating a PC resonator surface as the tunable element of an 
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external cavity laser. The PC resonator reflects its energy back into the semiconductor 
amplifier at a wavelength that is tuned by the adsorption of biomaterial on the PC 
surface. This form of coupling is very robust, as the SOA and PC communicate with 
each other via an optical fiber, which is permanently coupled to the SOA package at one 
end and arranged for normal incidence illumination of the PC at the opposite end.  We 
have demonstrated single mode operation of the PC-ECL system tuned over a broad 
range of wavelengths, and smooth tuning between wavelengths, with no evidence of 
mode hopping. The ECL biosensor design separates the gain medium from the sensing 
transducer. In this way, the external gain becomes a permanent, unbleachable, part of the 
system. Such a gain separation strategy enables the transducer to be inexpensively 
fabricated using roll-to-roll fabrication techniques in plastic materials or upon a glass 
surface using a single lithography step, and for the sensor to be operated for long time 
periods without degradation. The sensor itself can comprise the entire bottom surfaces of 
standard microplates, a capability that is several orders of magnitude beyond the 
throughput capabilities of any other laser biosensor approach. Finally, the ECL laser 
biosensor design takes the inherent advantage of external cavity laser over other lasers: 
much narrower theoretical linewidth. The advantages of such a system have been 
responsible for the wide adoption of tunable ECL lasers in the field of optical 
communication, and we are applying these principles for the first time in the field of 
biosensing. We have demonstrated for the first time the use of such a system to operate 
in a continuous mode for detection of an adsorbed protein thin film, the incorporation of 
a small molecule by an immobilized large protein, and selective detection of DNA using 
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an immobilized capture-strand of DNA. Further, we have explored factors that impact 
upon the ability of the system to detect wavelength shifts less than 1 pm, demonstrating 
the advantages of utilizing a reference sensor and the utilization of PC materials with 
low thermal expansion and low thermal coefficient of refractive index. In future work, 
we plan to incorporate more effective methods for accurate laser wavelength 
measurement and sensor referencing that will further improve the system’s signal-to-
noise ratio, and to explore applications such as direct detection of viral particles and 
detection of miRNA at low concentrations. 
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